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Abstract Text (1) : 

Magnetic apparatus for MRl/MRT probes and methods for construction thereof are 
disclosed. One embodiment includes a pair of opposed magnet assemblies defining an 
open region therebetween, a transmitting RF coil having at least a portion thereof 
disposed within the Qpen region, at least one receiving RF coil disposed within the 
npg^n region and X,Y and Z gradient coils. At least one of the X,Y and Z gradient 
coils is disposed outside of the opf^n region. Another embodiment of the apparatus 
includes a single magnet assembly having a first surface and a second surface 
opposing the first surface, a transmitting RF coil having at least a portion thereof 
opposing the first surface, at least one receiving RF coil and X,Y and Z gradient 
coils. At least one of the X,Y and Z gradient coils opposes the second surface. In 
another embodiment the magnet assembly generates a permanent z -gradient magnetic 
field and therefore includes only X and Y gradient coils, at least one of which 
opposes the second surface. The apparatuses may also include one or more shim coils. 



Brief Summary Text (2) : 

The present invention is generally related to the fields of magnetir? yp>gnnanr?P> 

imaging (MRT) anri niagnp>t-in rP>gonanr<a therapy (MRT) . 

Rrif^f Siiminary Tf^y^, (4 ) : 

MRT systems for performing whole body imaging usually employ large magnets which 
effectively surround the patient. Such magnets are usually large superconductor 
magnets which are expensive and difficult to maintain, mrt systems for performing 
local imaging of specific body parts or organs are known in the art. 

Br-jf^f fiiimmary TRy^. (5) : 

U.S. patent application Ser. No. 08/898,773, now U.S. Pat. No. 5,900,793 to 
Katznelson et al., filed Jul. 23, 1997 and entitled "PERMANENT MAGNET ASSEMBLIES FOR 
USE IN MEDICAL APPLICATIONS", now U.S. Pat. No. 5,900,793 and incorporated herein by 
reference discloses, inter alia, compact permanent magnet assemblies for use in 
medical applications including mrt and/or MRT. 

Brief Summary Text (6) : 

A typical application using an intra -operative MRI system is brain surgery. 
Reference is now made to FIG. 1 which is a schematic perspective view of a small 
organ dedicated mrt probe useful in brain surgery. The mrt probe 1 includes two 
annular permanent magnet assemblies 2 and 4 connected by a frame 3 . The frame 3 and 
the magnet assemblies 2 and 4 are shaped for imaging the brain of a patient 6. 
During mrt assisted brain surgery or MRT, the head of the patient 6 is positioned 
between the two magnet assemblies 2 and 4. 

Brif>f Summary Tf^vt (11) ; 

The MRT probe 1 further includes Gradient nn-i Is (not shown) for generating gradient 
fields, shim nn-i 1 r (not shown) for active shimming of the main magnetic field, RF 
HQils (not shown) , a temperature control system (not shown) and an RF ghi^ld (not 
shown) . 

R-rT<af gumma Ty Tf>y^ (12) : 

Ordinarily, the gr-ad-if>nt fields are generated by a gg^t nf mil a, through which a 
current of an adequate magnitude flows. During the periods of building up and decay 
of the currents, the temporal change of the magnetic flux, originally generated by 
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the currents, createlRddy currents in conductive matenals situated in their 
vicinity such as soft iron parts or permanent magnet parts used in prior art MEX 
permsuient magnets or the aluminum enclosures of the cooling systems used in 
super-conducting magnets of mrt systems. The eddy currents generated by the gradient 
coil magnetic flux changes, generate secondary magnetic fields which may interfere 
with the primary gradient JEields and affect their precision in encoding the spatial 
information. 

Brief Summary Text (13) : 

In prior art MRI devices, the gradient coils are located within the internal free 
volume situated in the main magnet, where the imaged body is also introduced. To 
attenuate the effect of the spurious eddy currents, prior art mrt devices may use 
shielded gradient roil a or pre-emphasis circuits which modify gradient amplifier 
demand in order to compensate for eddy currents. In small organ dedicated mrt probes 
and in MRI probes adapted for intra -operative use such as the mrt probe 1 of FIG. 1, 
the dimensions of the region 16 (best seen in FIG. 2) for accommodating the organ to 
be imaged are limited by practical considerations. Generally, the design of such mrt 
systems involves a tradeoff between maximizing the intensity and homogeneity of the 
magnetic field in as large an imaging volume as possible and providing maximal 
accessibility of the surgeon to the organ undergoing surgery. For example, the mrt 
probe 1 (FIGS. 1 and 2) is designed to maximize the size of the volume 18 of 
homogenous magnetic field while keeping the size of the magnet assemblies 2 and 4 
minimal while allowing enough space for positioning the shr>nldp>yg of the patient 6. 
If one tries to increase the space available for the fihnulrip>r.c: of the patient 6 by 
increasing the distance between the magnet assemblies 2 and 4 along the aucis 12, the 
resulting decrease in the strength and homogeneity of the magnetic field will have 
to be compensated. The magnetic field can be compensated by increasing the thickness 
of the annular permanent magnets 4a, 4b, 4c of FIG. 2 and 2a, 2b and 2c (not shown 
in FIG. 2) . 

Rrief Summary Text (17) : 

Furthermore, in MRI systems using permanent magnets, if the gradient coils are 
positioned in close proximity to the permanent magnets, the heat developed in the 
resistive gradient coils by the currents flowing within the coils may heat the 
permanent magnet. The heat generated by the gradient coils may thus cause local 
temperature increase in the permanent magnets. Such ten^erature chauiges are 
undesirable since the field generated by permanent magnets is highly susceptible to 
large variations induced by local temperature changes. 

Brief Nummary Tevt (18) ; 

MRI systems based on permanent magnets such as the mrt probe 1 of FIG. 1 or the mrt 
probe of FIG. 2, do not include electrically conducting structures operating as 
magnetic flux return structures. This fact, in addition to the segmented structure 
of the annular permanent magnets 4a, 4b, 4c and 2a, 2b and 2c (not shown) and the 
intrinsic low conductivity of the Nd--Fe--B alloy from which they are made, 
substantially reduce the spurious eddy current problem. 

Rrief Summary Text (19) : 

Whole body MR I /MRT systems typically use a fixed installation RF cage for preventing 
magnetic, electromagnetic and electrical noise from the outside from penetrating 
into the imaging volume inside the probe and interfering with the weak nmr signals 
generated during imaging. In addition, the RF cage is also used to reduce the 
leakage of the RF radiation generated within the probe during imaging to prevent 
disturbances to other electrical devices used near the mrt probe. 

Rrief .qiimmary Teyh (20) : 

Unfortunately, for practical reasons, large fixed installation RF cages or RF rooms 
cannot always be used small organ dedicated mrt or MRT probes of the type used for 
intra -operative imaging such as the mrt probe 1 of FIG. 1. For example, while the 
small organ dedicated mrt probe 1 may be operated within a large shielded RF room, 
this will necessitate the use of special expensive shielded surgical equipment that 
is designed to create minimal RFI disturbauices so as not to interfere with the 
operation of the mrt probe 1. 

Brief Summary Text (22) : 

There is therefore provided, in accordance with a preferred embodiment of the 
present invention, electromagnetic apparatus for use in an mrt device. The probe 
includes a first permanent magnet assembly having a first surface and a second 
surface thereof. The probe also includes a second permanent magnet assembly having a 
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third surface and a ^Purth surface thereof . The seconc^ermanent magnet assembly 
opposes the first permanent magnet assembly such that the second surface and the 
third surface define an oppn region therebetween, for producing a predetermined 
volume of substantially uniform magnetic field extending in a first direction 
parallel to a first axis. The volume is disposed within th e open region. 

Brjp.f Summary Text (23) : 

The probe also includes an energizable transmitting RF coil for producing an RF 
electromagnetic field within the volume, an energizable z-gradient coil for 
producing a magnetic field gradient extending within the opg^n region in the first 
direction and parallel to the first axis, an energizable x-gradient coil for 
producing a magnetic field gradient extending within the Qp^n region in parallel to 
a second axis orthogonal to the first axis, and an energizable y-gradient coil for 
producing a magnetic field gradient extending within the r>pg>n region in parallel to 
a third axis orthogonal to the first axis and the second axis. At least one of the 
x-gradient coil, y-gradient coil and z-gradient coil is positioned outside of the 
open region. 

R-ripf Summary Tp^xt (24) : 

Furthermore, in accordance with another preferred embodiment of the present 
invention, the transmitting RF coil includes at least a first portion thereof 
positioned within the opg^n region adjacent the second surface and at least a second 
portion thereof positioned within the open region adjacent the third surface. The 
first portion and the second portion of the trauismitting RF coil are electrically 
connected in series. 

Rr-iPf fiiimmary TP>yh (25) : 

Furthermore, in accordance with yet another preferred embodiment of the present 

invention, the transmitting RF coil further includes a third portion thereof 
including current return conductors positioned outside of the opp^n region and 
adjacent the first surface, and at least a fourth portion thereof including current 
return conductors positioned outside of the op^n region and adjacent the fourth 
surface to increase the efficiency of the transmitting RF coil. The first portion, 
second portion, third portion and fourth portion of the transmitting RF coil are 
electrically connected in series. 

R r T ^ f Siimma ry Tf^ y h (27) : 

Furthermore, in accordance with another preferred embodiment of the present 
invention, the shim coil includes a first shim coil portion positioned outside of 
the ageji region and opposed to the first surface of the first permanent magnet 
assembly, auid a second shim coil portion positioned outside of the npm region and 
opposed to the fourth surface of the second permanent magnet assembly. 

Rrifif Summary Tp*yt (31) : 

Furthermore, in accordance with another preferred embodiment of the present 
invention, the first coil portion cind the second coil portion of at least one of the 
x-gradient coil , y-graH^f:>n^ r^o-i 1 and z-gradiftnt coil are substantially planar 
printed circuits, the first mil portion is assembled into a first multi-layer 
printed circuit assembly opposed to the first surface, and the second rnil portion 
is assembled into a second multi-layer printed circuit assembly opposed to the 
fourth surface. 

Rrifif Summary Tf^^t (34) : 

Furthermore, in accordance with another preferred embodiment of the present 
invention, the first permanent magnet assembly includes a first annular permanent 
magnet with a first and a second surface thereof. The first surface of the first 
annular permanent magnet is of a first magnetic polarity and the second surface of 
the first annular permanent magnet is of a second magnetic polarity. The first 
annular permanent magnet has an inside diameter. The first annular permanent magnet 
has at least a portion of the first surface of the first annular magnet lying in a 
first plane to provide a first magnetic field in the open region. The first magnetic 
field has a zero rate of change in a first direction at a first point in the open 
region. The first magnet assembly also includes at least a second annular permanent 
magnet with a first and a second surface thereof. The first surface of the second 
annular magnet is of the first magnetic polarity and the second surface of the 
second annular permanent magnet is of the second magnetic polarity. The second 
annular permanent magnet has an outside diameter which is smaller than the inside 
diameter of the first annular permanent magnet, with at least a portion of the first 
surface of the second annular magnet lying in a second plane spaced from the first 



3 of 17 



04/04/2003 3:59 PP 



plane to provide a slRnd magnetic field whereby the slcond magnetic field is 
superimposed upon the first magnetic field in the open region, having a zero rate of 
change in the first direction at a second point different from the first point. The 
second permanent magnet assembly includes a third annular permanent magnet with a 
first and a second surface thereof, the first surface of the third annular permanent 
magnet is of the second magnetic polarity and the second surface of the third 
annular permanent magnet is of the first magnetic polarity. The third annular 
permanent magnet has an inside diameter, the third annular permanent magnet has at 
least a portion of the first surface of the third annular magnet lying in a third 
plane to provide a third magnetic field, whereby the third magnetic field is 
superimposed on the first and second magnetic fields in the opg^n region, having a 
zero rate of change in the first direction at a third point different from the first 
and second points. The second magnet assembly also includes at least a fourth 
annular permanent magnet having a first and a second surface thereof, the first 
surface of the fourth annular magnet is of the second magnetic polarity and the 
second surface of the fourth annular permanent magnet is of the first magnetic 
polarity. The fourth annular permanent magnet has an outside diameter which is 
smaller than the inside diameter of the third annular permanent magnet, with at 
least a portion of the first surface of the fourth annular permanent magnet lying in 
a fourth plane spaced from the third plane to provide a fourth magnetic field, 
whereby the fourth magnetic field is superimposed upon the first, second and third 
magnetic fields, in the npg^n region, having a zero rate of change in the first 
direction at a fourth point different from the first, second and third points. 

Pyif>f flnnwnaTY TP>yt- (42) : 

Furthermore, in accordcuice with another preferred embodiment of the present 
invention, the apparatus further including at least one receiving RF coil placeable 
adjacent to an organ or body part disposed within the Qpg>n region. 

Brief Summary Text (48) : 

Furthermore, in accordance with another preferred embodiment of the present 
intention, the x-gradient coil, the y-gradient cod 1 and the T^-gradiRnh m il are 
pi ar>a-r printed circuit nail boards assembled within a single multi- layer printed 
circuit assembly positioned underneath the first permanent magnet assembly and the 
second permanent magnet assembly. 

RT-if>f Snmmary TP>yh (49) : 

There is further provided, in accordance with a preferred embodiment of the present 
invention, electromagnetic apparatus for use in an mrt device. The apparatus 
includes a permanent magnet assembly having at least a first surface defining a 
first side of the permanent magnet assembly and a second surface defining a second 
side of the permanent magnet assembly opposed to the first side, for producing a 
predeteirmined volume of substantially uniform magnetic field extending in a first 
direction beyond the first surface. The apparatus further includes an energizable 
transmitting RF coil for producing an RF electromagnetic field within the volume. At 
least a portion of the RF coil is positioned adjacent the first surface of the 
permanent magnet assembly. The apparatus also includes an energizable z-gradient 
coil for producing a magnetic field gradient extending within the volume in the 
first direction parallel to a first aucis. The apparatus also includes an energizable 
x-gradient coil for producing a magnetic field gradient extending within the volume 
parallel to a second axis orthogonal to the first axis. The apparatus also includes 
an energizable y-gradient coil for producing a magnetic field gradient extending 
within the volume parallel to a third axis orthogonal to the first axis and to the 
second axis. At least one of the x-gradient coil, y-gradient coil and z-gradient 
coil is positioned opposing the second surface of the permanent magnet assembly. 

RT-iP>f fiiimma-ry TP>yr (52) : 

Furthermore, in accordance with another preferred embodiment of the present 
invention, the y-gr-ad-i P>nh nni 1 , the y-gradif>nh rni 1 and the Ti -gradienh mil are 
substantially planq-r printed circuits assembled within a substantially planar- 
multi- layer printed circuit assembly. The multi -layer printed circuit assembly is 
disposed on the second side of the permanent magnet assembly facing the second 
surface . 

Brief Summary Text (66) : 

There is also provided, in accordance with another preferred embodiment of the 
present invention, electromagnetic apparatus for use in an mrt device. The apparatus 
includes a permanent magnet assembly having a first surface and a second surface for 
producing a predetermined volume having a magnetic field varying substantially 
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linearly along a fini^axis. The volume extends in a Wrst direction beyond the 
first surface along the first axis. The magnetic field is substantially uniform in 
any plane which is included within the predetermined volume and which is orthogonal 
to the first direction within the predetermined volume. The apparatus further 
includes an energizable transmitting RF coil for transmitting RF radiation. The RF 
coil has at least one portion thereof positioned opposing the first surface of the 
permanent magnet assembly. The apparatus also includes an energizable x-gradient 
coil for producing a magnetic field gradient along a second axis orthogonal to the 
first axis. The apparatus also includes an energizable y-gradient. coil for 
producing a magnetic field gradient along a third axis orthogonal to the first axis 
and to the second axis. At least one of the x-gradient coil and y-gradient coil is 
positioned opposing the second surface of the permanent magnet assembly. 

Ry-ip>f SiimmaTY TP>yt- (68) : 

There is also provided, in accordance with another preferred embodiment of the 
present invention, a method for constructing electromagnetic apparatus for use in an 
MRT device. The method includes the steps of providing a first permanent magnet 
assembly having a first surface and a second surface thereof, providing a second 
permanent magnet assembly having a third surface and a fourth surface thereof, 
positioning the second permanent magnet assembly opposite the first permanent magnet 
assembly such that the second surface and the third surface define an_Qp£n region 
therebetween, for producing a predetermined volume of substantially uniform magnetic 
field extending in a first direction parallel to a first axis, the volume is 
disposed within the npf^n region, providing an energizable transmitting RF coil for 
producing an RF electromagnetic field within the volume, providing an energizable 
2 -gradient coil for producing a magnetic field gradient extending within the open 
region in the first direction and parallel to the first axis, providing an 
energizable x-gradient coil for producing a magnetic field gradient extending within 
the open region in parallel to a second axis orthogonal to the first axis, providing 
an energizable y-gradient coil for producing a magnetic field gradient extending 
within the open region in parallel to a third axis orthogonal to the first axis and 
the second axis, providing at least one receiving RF coil placeable adjacent to an 
organ or body part to be imaged for receiving RF signals from the organ or body 
part, and positioning at least one of the x-gradient coil, y-gradient coil and 
z-gradient coil outside of the open region for reducing the loading of the 
transmitting RF coil and the at least one receiving RF coil by the at least one of 
the x-gradient coil, y-gradient coil and z-gradient coil. 

R-rig>f finnmiary Tf>yh (69) : 

There is further provided, in accordance with another preferred embodiment of the 
present invention, a method for constructing electromagnetic apparatus for use in an 
MRT device. The method includes the steps of providing a permanent magnet assembly 
having at least a first surface defining a first side of the permanent magnet 
assembly and a second surface defining a second side of the permanent magnet 
assembly opposed to the first side, for producing a predetermined volume of 
substantially uniform magnetic field extending in a first direction beyond the first 
surface, providing an energizable transmitting RF coil for producing an RF 
electromagnetic field within the volume, positioning at least a portion of the 
transmitting RF coil adjacent the first surface of the permanent magnet assembly, 
providing at least one receiving RF coil placeable adjacent to an organ or body part 
to be imaged for receiving RF signals from the organ or body part, providing an 
energizable z-gradient coil for producing a magnetic field gradient extending within 
the volume in the first direction parallel to a first axis, providing an energizable 
x-gradient coil for producing a magnetic field gradient extending within the volume 
parallel to a second axis orthogonal to the first axis, providing an energizable 
y-gradient coil for producing a magnetic field gradient extending within the volume 
parallel to a third axis orthogonal to the first axis and to the second axis, and 
positioning at least one of the x-gradient coil, y-gradient coil and z-gradient coil 
opposite the second surface of the permanent magnet assembly for reducing the 
loading of the transmitting RF coil and the at least one receiving RF coil by the at 
least one of the x-gradient coil, y-gradient coil and z-gradient coil. 

Brief Summary Text (70) : 

Finally, there is provided, in accordance with another preferred embodiment of the 
present invention, a method for constructing electromagnetic apparatus for use in an 
MRT device. The method includes the steps of providing a permanent magnet assembly 
having a first surface and a second surface for producing a predetermined volume 
having a magnetic field varying substantially linearly along a first axis, the 
volume extends in a first direction beyond the first surface along the first axis. 
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the magnetic field JS^ubstantially uniform in any pllR included within the 
predetermined volume and orthogonal to the first direction within the predetermined 
volume, providing an energizable transmitting RF coil for transmitting RF radiation, 
positioning the transmitting RF coil such that at least one portion thereof opposes 
the first surface of the permanent magnet assembly, providing at least one receiving 
RF coil placeable adjacent to an organ or body part to be imaged for receiving RF 
signals from the organ or body part, providing an energizable x-gradient coil for 
producing a magnetic field gradient along a second axis orthogonal to the first 
axis, providing an energizable y-gradient coil for producing a magnetic field 
gradient along a third axis orthogonal to the first axis and to the second axis, and 
positioning at least one of the x-gradient coil and y-gradient coil opposite the 
second surface of the permanent magnet assembly for reducing the loading of the 
transmitting RF coil and the at least one receiving RF coil by the at least one of 
the x-gradient coil and y-gradient coil. 

nyaw-ing ng^scription Tp^yt (4) : 

FIG. 1 is a schematic perspective view of a small organ dedicated mrt probe useful 
in brain surgery; 

Drawing Description Text (6) : 

FIG. 3 is a schematic cross section illustrating part of a prior art mri device 
using permanent magnets; 

n-rawing DRRr^ri pt i nn Tp^xt (7) : 

FIG. 4 is an isometric view illustrating part of an mrt probe using permament 
magnets and having external gradient coils, in accordamce with a preferred 
embodiment of the present invention; 

D-rawing Df^snription Tg*xt ( 8 ) : 

FIGS. 5-7 are front views schematically illustrating printed circuit layout designs 
for an x-coil, y-coil and z-coil, respectively, useful in the mrt probe of FIG. 4; 

Drawing Description Text (9) : 

FIG. 8 is a schematic isometric view illustrating part of an mrt probe having the 
z-gradient coil positioned in the volume between the two permanent magnet assemblies 
and the x and y gradient coils positioned outside of the volume between the two 
permanent magnet assemblies, in accordauice with yet another preferred embodiments of 
the present invention; 

n-rawing Df^gr-ri pt-i nn Tf>y^ (H) : 

FIG. 10 is a cross section illustrating part of an mrt probe having z-gradient coils 
positioned between two annular permanent magnets,- in accordance with another 
preferred embodiment of the present invention; 

Drawing Dg>sr;r-j pt-.ion Tfixt: (15) : 

FIG. 14 is a pictorial illustration of a small organ dedicated mrt probe used in 
conjunction with a local disposedDle RF cage, in accordauice with a preferred 
embodiment of the present invention; 

nraw-ing nAgnT-i phi nn Tf^xt (16) : 

FIG. 15 is a schematic isometric view illustrating a transmitting RF coil providing 
linear polarization useful with the mrt probes of the present invention; 

Drawing Description Text (17) : 

FIG. 16 is a schematic isometric view illustrating an MRT probe including the 
transmitting RF coil of FIG. 15 disposed therein, in accordance with a preferred 
embodiment of the present invention; 

Drawing Description Text (18) : 

FIG. 17 is a schematic cross section of the mrt probe of FIG. 16 taken along the 
lines XVII- -XVII; 

P-rawi ng Dfigrriptinn Tp.xh. (19) : 

FIG. 18 is a schematic cross section of an MRI probe having an internal Z-gradient 
coil and external X-gradient and y-gradient coils, in accordance with another 
preferred embodiment of the present invention; 

Drawing Description Text (20) : 

FIG. 19 is a schematic cross section of an mrt probe having an internal Z-gradient 
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coil and external X^Rdient and Y-gradient coils, iri^rccordance with yet another 
preferred embodiment of the present invention; 



nr-aw-ing Qpgr-r-iph-i on T^v^ (21) : 

FIG. 20 is a schematic isometric view illustrating an RF coil combincible with the RF 
coil of FIG. 15 to form a circularly polarizing RF transmitting coil assembly for 
use with an MRI probe, in accordance with another embodiment of the present 
invention; 

Drawing Dp^grr j i on Tf^vt (23) : 

FIG. 22 is a schematic isometric view illustrating an MRT probe having external X, Y 
cuid Z-gradient coils, in accordance with still another preferred embodiment of the 
present invention; 

Drawing Dftscription Text (24)": 

FIG. 23 is a schematic diagram of am MRX probe having a single permanent magnet 
assembly, in accordance with yet another preferred embodiment of the present 
invent ion ; and 

n-rawing Dpgrri p^ -i on Tf^y^ (25) : 

FIG. 24 is a schematic diagram illustrating an MRi probe having a fixed magnetic 
field gradient, in accordance with another preferred embodiment of the present 
invention. 

Detailed Dftscription Text (2) : 

Reference is now made to FIG. 3 which is a schematic cross section illustrating part 
of a prior art MRI device 30 using permsuient magnets. The MRX device 30 includes two 
permanent magnets 36 and 38. Each of the permanent magnets 36 and 38 is constructed 
from segments 34. The permanent magnets 36 and 34 are encased in a structure 32 made 
of a conducting metal such as soft iron and operating as a magnetic flux return 
circuit. The MRT device 30 further includes two multi-layer printed circuits 40 and 
42 positioned in the volume between the two permanent magnets 36 and 38. The 
multi- layer printed circuits include the gradient coils. The_MRX device 30 also 
includes RF coils (not shown) and the shim coils (not shown) of the mrt device 30. 
Each of the multi-layer printed circuits 40 and 42 is positioned in close proximity 
to the permament magnets 36 and 38, respectively, such that enough room is left for 
positioning the organ 44 such as the knee or head of a patient between the 
multi-layer printed circuits 40 and 42. 

DRtailfid Dp>gr!T"ipt-ir>n Tp>yh (3) : 

Reference is now made to FIG. 4 which is an isometric view illustrating part of an 
MRT probe using permanent • magnets and having external gradient coils,* in accordance* 
with a preferred embodiment of the present invention. 

nf>fai1f>d nf^Ptn-r-ipt-ion Tf^yf (4) : 

The part of the mrt probe illustrated in FIG. 4 includes the two annular permanent 
magnet assemblies 2 and 4 of FIG. 2 and two multi -layer printed circuit assemblies 
52 and 54. The multi-layer printed circuit assemblies 52 and 54 each include x, y 
and z-gradient coils (not shown) , and shim coils (not shown) . The mrt probe of FIG. 
4 also includes RF coils (not shown) . 

Def.ailpd np^gr-r-i ph i on T^yt, (5) : 

In contrast to the prior art Permanent magnet mrt device 30 of FIG. 3 in which the 
multi -layer printed circuits 40 and 42 including the gradient coils are positioned 
in the volume between the two permanent magnets 36 and 38, the multi -layer printed 
circuit assemblies 52 and 54 of FIG. 4 are positioned outside of the region 14 
defined between the two permanent magnet assemblies 2 and 4. 

Dp»tailRH np>go-r-ipt-ion TP>yh (7) : 

Additionally, in prior art MRI systems having a large structure of an electrically 
conductive metal such as iron, which surrounds the magnet poles, the gradient coils 
cannot be placed outside of the magnet poles since the conductive metal will absorb 
most of the gradient field. 

Detailed nfi.c;r'T--i phi on Text. (14) : 

An advantage of placing the multi-layer printed circuit assemblies 52 and 54 outside 
the region 14, is the increase in available space in the region 14 which is used for 
accommodating the imaged or treated organ. For example, the multi -layer printed 
circuit assemblies 52 and 54 are sufficiently distanced from the magnet assemblies 2 



and 4, respectively allow free space for the sliQij!^Era (not shown in FIG. 4) of 
a patient undergoing brain surgery. 

nf>ha-i1f*ri niagrr-ipt-inn T^ytt (17) : 

Reference is now male to FIG. 8 which is a schematic isometric view illustrating 
part of an mrt probe having the z -gradient coil positioned in the volume between the 
two permanent magnet assemblies and having the x-gradient, y-gradient and the shim 
coils positioned outside of the volume between the two permanent magnet assemblies, 
in accordance with yet another preferred embodiment of the present invention. 

Df^hailed Descriptiion Text: (18) : 

The part of the mrt probe illustrated in FIG. 8 includes the two permanent magnet 
assemblies 2 and 4 of FIG. 2, a pair of multi-layer printed circuit assemblies 72 
and 74 positioned outside of the region 14 and a pair of multi- layer printed circuit 
assemblies 76 and 78 positioned in the region 14 between the magnet assemblies 2 and 
4. Each of the printed circuit boards 76 and 78 includes the z-gradient coils (not 
shown) as disclosed hereinabove. Each of the multi-layer printed circuit assemblies 
72 and 74 includes the x and y gradient coils and the shim coils (not shown) . 

nf:>ha-i1eH Desr-r-ipt-inri TRy^ (22) : 

Reference is now made to FIG. 10 which is a cross section illustrating part of an 
MRT probe having z-gradient coils positioned between two annular permanent magnets, 
in accordance with another preferred embodiment of the present invention. 

Detailed Description Text (23) : 

The magnet assembly 63 includes the annular permanent magnets 63a, 63b and 63c. In 
contrast to the mrt probe of FIG. 8 in which the z-gradient coils are substantially 
planar rni 1 a included in the multi-layer printed circuit assemblies 72 and 74, the 
7! -g-radienh noil 65 of FIG. 10 is positioned between the annular permanent magnets 
63a and 63b and extends in a direction parallel to the axis 12. The multi-layer 
printed circuit assembly 64 includes x-gradient and y-gradient coils (not shown) amd 
the shim coil (not shown) . The multi -layer printed circuit assembly 62 may also 
include the RF coils (not shown) . 

Deha-i led Desrript -j r>n Teyh (40) : 

An advantage of the staggered doxible layer structure of the annular permanent magnet 
of FIG. 12 is the increased safety for the patient whose organ is imaged or treated 
in the mrt probe of the present invention. 

^e^.a^led Description Text (51) : 

U.S. Pat. No. 5,900,793 to Katznelson et al, disclosed hereinabove teaches a method 
of- improving the homogeneity of the magnetic field between opposing annular 
permanent magnets used in an mrt probe. The method includes selecting segments from 
a batch of equi -angular segments so that the variations in a magnetic field strength 
of adjacent segments follow a cyclic curve having a regular period, and combining 
the segments to form an annular permanent magnet. A magnet assembly is formed by 
connecting two or more such annular permanent magnets by a low*magnetic permeability 
material. Finally two such magnet assemblies are aligned such that for each pair of 
opposing annular permanent magnets, the cyclic curves representing the magnetic 
field variation are aligned in anti-phase. The method improves the homogeneity of 
the achievable permanent magnetic field. 

De trailed Dear riph inn Text-. (52) : 

In accordance with yet another preferred embodiment of the present invention, the 
method disclosed by Katznelson et al. in U.S. Pat. No. 5,900,793 can be similarly 
applied in constructing annular permanent magnets used in the mrt probes of the 
present invention. 

Dehailerf Degnriphi on Texh (53) : 

Reference is now made to FIG. 14 which is a pictorial illustration of a small organ 
dedicated mrt probe used in conjunction with a local disposable RF cage, in 
accordance with a preferred embodiment of the present invention. 

Detailed Description Text, (54) : 

The small organ dedicated mri probe 120 includes the magnet assemblies 2 and 4 of 
FIG. 1 which are attached to a surgical table 122 by an adjustable frame 123. The 
surgical table is made from a conductive material such as stainless steel. The probe 
120 also include an RF cage 124. The RF cage 124 is made of a sheet of flexible 
conductive RF mesh having a size and shape suitable for covering the body of the 
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patient 6 and the mafBet assemblies 2 and 4. 



np>t-ai1firi Df^grript-inn Tf>y^ (55) : 

The RF cage 124 is electrically connected to the surgical table 122 for completing 
the shielding of the mrt probe 120. The RF cage 124 may be suitably grounded. The RF 
cage 124 also has an opening 126 therein. The opening 126 is used by the surgeons 

130 and 132 for accessing the brain of the patient 6 during surgery. For example, a 
surgical instrument 128 can be inserted through the opening 126 into the brain of 
the patient 6. The size and shape of the opening 126 is designed to enable 
comfortable insertion and manipulation of surgical instruments therethrough, while 
still enabling effective shielding of the MRT probe creating a "self shielded" 
magnet . 

n<ahai1f>d DRsrriphion Tg>:x:t (59) : 

Reference is now made to FIG. 15 which is a schematic isometric view illustrating a 
transmitting RF coil providing linear polarization useful with the mrt probes of the 
present invention. 

DF*tailg>d DRHrriphiDn Tg>xt: (60) : 

The transmitting RF coil 140 is preferably made of a folded flat copper ribbon 
conductor but can be made of any other suitably shaped electrically conducting 
material capable of carrying the required electrical currents. The coil 140 includes 
four front conductor portions 142A, 142B, 144A and 144B. When the RF coil 14 0 is 
electrically energized, an electrical current flows therethrough in the direction 
indicated by the arrows. The four front conductors 142A, 142B, 144A and 144B 
effectively form an open Helmholz coil configuration suitable for generating a 
linearly polarized RF electromagnetic field. 

Dp>tailg>d Degrription T^xt (63) : 

Reference is now made to FIGS. 16 and 17. FIG. 16 is a schematic isometric view 
illustrating an mrt probe 150 including the transmitting RF coil 140 of FIG. 15 
disposed therein, in accordance with a preferred embodiment of the present 
invention. FIG. 17 is a schematic cross section of the mrt probe 150 of FIG. 16 
taken along the lines XVII- -XVII. 

Dg»t-,ailf>d Df>gr;Y•ip^,ion Tf^'x:^ (64) : 

The MRT probe 150 includes two permanent magnet assemblies 162 and 164. The 
permanent magnet assembly 162 includes a housing 182 and a set of three concentric 
annular permanent magnets 2A, 2B aoid 2C attached to the housing 182. The permanent 
magnet assembly 164 includes a housing 184 and a set of concentric annular permanent 
magnets 4A, 4B and 4C attached to the housing 184. The housings 182 and 184 are made 
of fiberglass or from any other suitable electrically non-conducting plastic " 
material or the like. The details of the structure, construction and tuning of the 
annular permanent magnets included within the permanent magnet assemblies 162 and 
164 are not the subject matter of the present invention and will therefore not be 
discussed in detail herein. The structure auid design of such permajient magnet 
assemblies is disclosed in co-pending U.S. Pat. No. 5,900,793 to Katznelson et al. 

np^^ailf^d ^)f>Hrr^p^^nri Tf>y^ (65) : 

The permanent magnet assembly 162 includes a first surface 182A and a second surface 
182B. The permanent magnet assembly 164 includes a third surface 184A and a fourth 
surface 184B. The two permanent magnet assemblies 162 and 164 are attached to a 
frame 173 and oppose each other such that the second surface 182B and the third 
surface 184A define therebetween an r>pg>n region of space 114 . The permanent magnet 
assemblies 162 and 164 produce a region of substantially homogenous magnetic field 
168 disposed within the region 114. 

np>ta-i 1<=><i DRRrr-ipl-ion Tp^.-ict (66) : 

The probe 150 also includes multi-layer printed circuit assemblies 172 and 174. The 
printed circuit assemblies 172 and 174 each include planar- printed circuits boards 
(not shown) comprising an X-gradif^nt-. nni 1 , a V-grad-i f=jnt: r.ni 1 , a Z-g-radi f>T^^ nn-i 1 and 
shim roi 1 s as disclosed in detail hereinabove for the multi- layer printed circuit 
assemblies 52 and 54 the MRI probe of FIG. 4. The printed circuit assembly 172 is 
disposed outside of the region 114 and faces the first surface 182A of the permanent 
magnet assembly 162. The printed circuit assembly 174 is also disposed outside of 
the region 114 and faces the fourth surface 184B of the permanent magnet assembly 
164. 

nf>fa-nf>d npgnrip1--inn T^yt (67) : 
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The ivn^T probe 150 fu^mer includes a transmitting RF bKI 140 for producing an RF 
electromagnetic field within the open region 114, and a receiving RF coil 175 
positioned within thR open region 114, adjacent to the organ or body part (not 
Shown) which is to be imaged, for receiving RF electromagnetic signals from the 
organ or body part. 

pRt-ailed Description Text (68) : 

It is noted that the receiving RF coil 175 can be any suitable type of receiving RF 
coil known in the art, such as a flexible RF coil (not shown) or other types of RF 
coils having suitable dimensions for positioning near the organ or body part which 
is being imaged. Furthermore, in accordance with another embodiment of the present 
invention the mrt probe 150 may also include a plurality of small receiving RF coils 
(not shown) which may be disposed at different positions adjacent the organ or body 
part (not shown) as is well known in the art. 

nF>hailed DesGriphion Tf^yh (69) : 

The part of the transmitting RF coil 140 which includes the four front conductor 
portions 142A, 142B, 144A and 144B is disposed in the npe^n region 114 between the 
permanent magnet assemblies 162 and 164. 

Df^ha-ilgjd Dpsnrjpt.ion Tf^xi- (71) : 

Preferably, in accordance with a design for an np^n Hf^ lmhnl?: coil the distance 
between the front conductor portions 144A and 144B and- the distance between the 
front conductor portions 142A and 142B is designed such that .alpha. =60 .degree. , 
wherein .alpha, is the angle between the lines connecting the center point 169 of 
the imaging volume 168 with the centers of the front conductor portions 14 2 A and 
142B. The point 169 lies on the axis 12 and is the midpoint between the surfaces 
182B and 184A. However, the angle .alpha, may also be different than 60. degree, 
depending, inter alia, on the particular design parameters of the transmitting RF 
coil . 

Df^tailg>d Deanription Tf^xt: (72) : 

The part of the transmitting RF coil 140 which includes the four current return 
conductor portions 152A, 152B, 154A and 154B is disposed outside of the np&n region 
114 . The current return conductor portions 152A and 152B are disposed between the 
surface 184B and the multi-layer printed circuit assembly 174, and the current 
return conductor portions 154A and 154B are disposed between the surface 182A, and 
the multi-layer printed circuit assembly 172. 

Dfihailp^d DfiRnr-j pt i r>n Tf>yh (74) : 

An additional advantage of disposing the current return conductor portions 152A, 
152B, 154A and 154B outside the region 114 is the increase in the space available • 
within the npg^n region 114 for positioning and manipulating an organ to be imaged or 
surgical instruments during medical interventional procedures. 

Dg>hailpf^ Dfifirripl-ion Tf>yt-, (75) : 

It is noted that, the positioning of the multi- layer printed circuit assemblies 174 
and 172 outside the region 114 and away from the front conductor portions 142A, 142B 
144A and 144B, significantly reduces the loading of the transmitting RF coil 140 by 
the X, Y and Z coils (not shown) and the shim coils (not shown) which are disposed 
within the multi-layer printed circuit assemblies 174 and 172. The annular permanent 
magnets 2A, 2B, 2C, 4A, 4B and 4C have a lower electrical conductivity than the 
copper conductors of the X,Y,Z coils and the shim coils, because they are made of a 
material, such as an iron-neodimium- boron alloy, having electrical conductivity 
lower than copper and because of the construction of each of the annular permanent 
magnets 2A, 2B, 2C, 4A, 4B and 4C from a plurality segments which are electrically 
isolated from each other by an electrically non-conducting glue as disclosed in 
detail in co-pending U.S. Pat. No. 5,900,793 to Katznelson et al. Thus, the loading 
of the transmitting RF coil 140 and of the receiving RF coil 175 is significantly 
reduced by the placement of the multi-layer printed circuit assemblies 174 and 172 
outside the region 114 and away from transmitting RF coil 140 and the receiving RF 
coil 175. The reduction in loading of the transmitting RF coil 140 enables achieving 
a desired transmitted signal quality without having to use expensive high-power RF 
transmitting Amplifiers. The reduction in loading of the receiving RF coil 175 
enables achieving a significant improvement in the image quality obtained by the mrt 
probe 150. 

Dg>tanf:>d Dfagr-riphinn TP>yt (76) : 

It will be appreciated by those skilled in the art that, although the current return 
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conductor portions i^A, 152B and 154A, 154B are beiiiPlpositioned closer to the 
multi-layer printed circuit assemblies 174 and 172, respectively, by being disposed 
outside of the £^ien region 114, thus, potentially increasing the loading of the RF 
coil 140 by the gradient coils and shim coils, the multi- layer printed circuit 
assemblies 174 and 172 can be sufficiently distanced from the current return 
conductor portions 152A, 152B and 154A, 154B, respectively, by moving the 
multi -layer printed circuit assemblies 174 and 172 along the axis 12 away from the 
point 169 to reduce the loading of the RF coil 140. 

Detailed Description Text (77) : 

The design of the MRI probe 150 can be thus optimized to give a desired high image 
quality by reducing the loading of the RF coil 140 without having to excessively 
increase the distance of the multi -layer printed circuit assemblies 174 and 172 from 
the point 169 of the imaging volume 168 which will require the use of stronger and 
more expensive an^lifiers to energize the gradient and shim coils. 

nPha-ilAH nf^gr-r-ipt-inn Tf>yt (78) : 

It is noted that, in prior art large mrt devices such as whole body imaging mrt 
devices, the gradient coils and the transmitting RF coils are internally disposed in 
the region between the magnets. Typically, this region is large enough to allow 
designing a sufficient distance between the transmitting RF coil and the gradient 
coils, thus solving the problem of reducing the loading the RF coil by the gradient 
and/or shim coil. 

np^ha-ilRrf Df^gr-ript-inn Tf>yt (79) : 

In direct contrast, in the smaller and more compact mrt probes used in systems such 
as the interventional_MRI/MRT systems of the present invention, the problem of 
loading of the transmitting RF coil is more difficult to solve because the region 
between the permanents magnets (such as the regions 14 and 114 of FIGS. 4 and 17, 
respectively) is small due to limitations on the allowable size of the permanent 
magnet assemblies. Thus, the use of external gradient and shim coils of the present 
invention which are placed outside the region between the magnet assemblies, has the 
advantage of making more space available between the permanent magnet assemblies as 
well as reducing the loading of the transmitting RF coil for improving the image 
quality attainable. 

nf>^ai1f>H np>gr?-riph-ir>n Tf^v^ (80) : 

It is noted that, while in the mrt probe 150 of FIGS. 16 and 17 the X-gradient coil, 
Y-gradient coil, Z-gradient coil and shim coils are included within the multi -layer 
printed circuit assemblies 174 and 172 which are externally positioned outside the 
region 114, other preferred embodiments of the present invention are possible in 

which some of the gradient coils and/or the shim coils are internally positioned 

within the region between the permanent magnet assemblies 164 and 162. 

Detailed Description Text (81) : 

Reference is now made to FIG. 18 which is a schematic cross section of an mrt probe 
250 having an internal Z-gradient coil and external X-gradient and Y-gradient • coils, 
in accordance with euiother preferred embodiment of the present invention. The mrt 
probe 250 includes two external multi-layer printed circuit assemblies 274 and 272 
and two permauient magnet assemblies 262 and 264. The multi-layer printed circuit 
assemblies 274 suid 272 are similar in construction to the multi-layer printed 
circuit assemblies 174 and 172 of FIG. 17, except that they do not include a 
Z-gradient coil. Thus, each of the multi-layer printed circuit assemblies 274 and 
272 includes an X-gradient coil (not shown) , a Y-gradient coil (not shown) and a 
shim coil (not shown) . 

Detailed Description Text (84) : 

Reference is now made to FIG. 19 which is a schematic cross section of an mrt probe 
350 having an internal Z-gradient coil and external X-gradient and Y-gradient coils, 
in accordance with yet another preferred embodiment of the present invention. 

Df>taTlp>fi Df^ariription Tg*x:t (85) : 

The MRT probe 350 includes the multi -layer printed circuit assemblies 274 and 272 of 
FIG. 18 and permanent magnet assemblies 362 and 364. The permanent magnet assemblies 
362 and 364 are identical to the permanent magnet assemblies 162 and 164 of FIG. 17 
in all respects except that the permanent magnet assembly 362 also includes an 
extended Z-gradient coil 300 and that that the permanent magnet assembly 364 also 
includes an extended Z-gradient coil 302. The Z-gradient coil 300 is concentrically 
disposed between the annular permanent magnets 2A and 2B auid the Z-gradient coil 302 
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is concentrically dd^^rosed between the annular permanoK magnets 4A and 4B. 



ni^hailRH Df^fir.riptinn T^yh (91) : 

It is Still further noted that, while the transmitting RF coil 140 of the mrt probe 
150 is a linearly polarizing, other types of transmitting RF coils may be used. 

Df^l-ailp^ H Dfifirr-ipf i on TP>xf (92) : 

Reference is now made to FIGS. 20 and 21. FIG. 20 is a schematic isometric view 
illustrating an RF coil 240 combinable with the RF coil 140 of FIG. 15 to form a 
circularly polarizing RF transmitting coil assembly for use with an mrt probe, in 
accordance with another embodiment of the present invention. FIG. 21 is a schematic 
isometric view illustrating a circularly polarizing RF transmitting coil assembly, 
assembled from the RF coil of FIG. 15 and the RF coil of FIG. 20. 

nf>hai1#:>f^ Dp^gn-r-iptinn Tf^vh (93) : 

The RF coil 240 of FIG. 20 is preferably made of a folded flat copper ribbon 
conductor but can be made of any other suitably shaped electrically conducting 
material capable of carrying the required electrical currents. The coil 240 includes 
four front conductor portions 242A, 242B, 244A and 244B. When the RF coil 240 is 
electrically energized, an electrical current flows therethrough in the direction 
indicated by the arrows. The four front conductors 242A, 242B, 244A and 244B 
effectively form an opg^n Wf^lmholz coil configuration. 

Df^tai lg»d DeRr-r-j phion Tf=>yh (94) : 

The coil 240 also includes four current return conductor portions 252A, 252B, 254A 
and 254B. It is noted that, while the front conductor portions 142A, 142B, 144A and 
144B and the current return conductor portions 152A, 152B, 154A and 154B of the 
transmitting RF coil 140 (FIG. 15) are aligned vg^rtirally, the front conductor 
portions 242A, 242B, 244A and 244B and the current return conductor portions 252A, 
252B, 254A and 254B of the RF coil 240 are horizontally aligned. 

Detailed Description Tfixt (96) : 

The transmitting RF coil 240 of FIG. 2 0 may replace the transmitting RF coil 140 of 
the MRT probe 150 (FIG. 16) . However, the transmitting RF coils 140 and 240 can also 
be combined to form the circularly polarizing transmitting RF coil 340 of FIG. 21. 

ni:>1-ai1i:>d np>fir?r-ipt-inn TP>y^ (97) : 

In the transmitting RF coil 340, the front conductor portions 242A and 242B are 
aligned orthogonal to the front conductor portions 142A and 142B. The four front 

conductor portions 242A, 242B, 142A and 142B are disposed adjacent to the surface 
184A of the permanent magnet assembly 164 (not shown) of the MRI probe. The front 
conductor -portions 244A and 244B are aligned orthogonal to the front conductor 
portions 144A and 144B. The four front conductor portions 244A, 244B, 144A and 144B 
are disposed adjacent to the surface 182A of the permanent magnet assembly 162 (not 
shown) of the MRI probe . 

Dg^tailf»d Deacriptinn Tf>yt (99) : 

The general design of circularly polarizing transmitting RF coils is known in the 
art as a quadrature -hybrid RF coil type. However, the inventors of the present 
invention have noted that by positioning some or all of the gradient coils and shim 
coils outside of the open region 114 the load on the transmitting RF coils can be 
significantly reduced and the RF coil efficiency is improved. Additionally, the 
positioning of the current return conductor portions 154A, 154B, 254A, 254B, 152A, 
152B, 252A and 252B of the circularly polarizing transmitting RF coil 340 outside of 
the opp-n region 114 additionally improves the RF coil efficiency by significantly 
increasing the distance of the current return conductor portions 154A, 154B, 254A, 
254B, 152A, 152B, 252A and 252B from the open region 114. 

Dpt-a-ilP^d np>firT"iphinTi Tf>y^ (100) : 

It is noted that, while the transmitting RF coils 140 and 340 of FIGS. 15, 16 and 21 
which are useful with the MRT probes of the present invention have the advantage 
that portions thereof such as the current return conductor portions are disposed 
outside the_Qpen region 114 to increase the space available therewithin, many other 
designs of linearly or circularly polarizing transmitting RF coils may be possibly 
used with mrt probes having external gradient coils disposed outside of the opg^n 
region 114, which are within the scope and spirit of the present invention. For 
example, transmitting RF coils (not shown) in which all of the transmitting RF coil 
or coils are positioned within the op^n region 114 may also be used in embodiments 
of the present invention. 
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nfal-ailed Descriptijnn Tf>y^ (101) : 

Reference is now made to FIG. 22 which is a schematic isometric view illustrating an 
MRT probe 450 having external X, Y and Z-gradient coils, in accordance with still 
another preferred embodiment of the present invention, 

Df^tailf^d Pp^Rcription Text (102) : 

The MRT probe 450 include two opposed permanent magnet assemblies 462 and 464 
defining an npp^n region 414 therebetween. The permanent magnet assemblies 462 and 
464 may be attached to or supported by one or more supporting structures such as a 
supporting frame (not shown for the sake of clarity of illustration) which is 
designed to enable access to the region 414 and to the head of the patient 6. 

Df»hai!lf>d Dg>gr;-riphinn Tf>yt (103) : 

An organ or body part such as the head of a patient 6 may be positioned within the 
np^vi region 414 for imaging. The permanent magnet assemblies 462 and 464 may be 
similar in design to the permanent magnet assemblies 162 and 164 of FIG. 16 but may 
also be any suitably designed pair of permanent magnet assemblies for providing a 
region of substantially homogenous magnetic field therebetween. The MRI probe 450 
further includes a transmitting RF coil 440 which includes four portions 440a, 440B, 
440C and 440D. the portions 440a, 440B, 440C and 440D of the RF coil 440 are printed 
circuit board assemblies which are suitably electrically connected (connections not 
shown) , the copper conductors (not shown) included in the printed circuit board 
assemblies 440a, 440B, 440C sind 440D are shaped in a similar way to the conductors 
of the RF coil 140 of FIG. 15. However, the transmitting RF coils 140or 340 of FIGS. 
15 cind 21, respectively, may also be used instead of the RF coil 440. The printed 
circuit board assemblies 440A and 440D may also include shim coils (not shown) , 
however, the shim coils (not shown) may also be a pair of separate coils each 
disposed opposing one of the printed circuit board assemblies 440A and 440D at a 
distance therefrom. 

np>tai1f^d DPRrr-ipf -inn Tf^xh (104) : 

The MPT probe 450 further includes a receiving RF coil 175 and a multi-layer printed 

circuit assembly 472. 

Detailed Description Text (105) : 

The multi-layer printed circuit assembly 472 is disposed imdemeath the permanent 
magnet assemblies 462 and 464 and outside the aptsix region 414. Thus, the region 414 
may be relatively freely accessed. 

nR^.^-ilRd DRcinT"ipt-ion Tp>yt- (106) : 

The multi- layer sprinted circuit assembly 472 includes three printed" circuits (not 
shown) including a X-gradient coil, a Y-gradient coil and a Z-gradient coil. It is 
noted that, since the relative positioning of the multi- layer printed circuit 
assembly 472 is different than the positioning of the mult i -layer printed circuit 
assemblies 172 and 174 of FIG. 16, the design of the gradient coils is adapted to 
suit the different position of the coils relative to the direction of the main 
magnetic field. The positioning of the multi -layer printed circuit assembly 472 
outside the r>pg>n region 414 has the advantages of making more space available in the 
opg>n region 414 and of reducing the loading of the RF transmitting coil 440 by 
increasing the spatial separation between the conducting gradient coil surfaces of 
the multi-layer printed circuit assembly 472 and the transmitting RF coil 440. 

Dfit-ailf^ H n(qRrr-iption Tf^yt (107) : 

It is noted that while the MRT probes of the preferred embodiments disclosed 
hereinabove include a pair of opposing permanent magnet assemblies with an open 
region therebetween wherein an orgam or body part is disposed in the npen region 
between the pair of permanent magnet assemblies, other preferred embodiments of the 
present invention may be implemented using a single magnet assembly. 

Detailed Description Text (108) : 

Reference is now made to FIG. 23 which is a schematic cross section of an MRT probe 
500 having a single permanent magnet assembly, in accordance with yet another 
preferred embodiment of the present invention. 

Det-a-ile H nefirri pt i on Text (109) : 

The MRT probe 500 includes a single permanent magnet assembly 562 having a first 
surface 582A and a second surface 582B opposing the first surface 582A. The 
permanent magnet assembly 562 may be constructed by using various different designs. 
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For example, the pe^ment magnet assembly 562 may be^Knstructed from a plurality 
of concentric annular permanent magnets as disclosed in detail in co-pending U.S. 
Pat. No. 5,900,793 to Katznelson et al. However, the permanent magnet assembly 562 
may also be implemented using other methods and designs adapted to provide a volume 
of substantially homogenous magnetic field 518 extending beyond the surface 582B of 
the permanent magnet assembly 562. The particular design parameters of the permanent 
magnet assembly may depend, inter alia, on the desired dimensions of the volume 518, 
the desired intensity of the magnetic field within the volume 518 and the distance 
between the volume 518 and the surface 582B. 



np>^a^^p^d nf>gr-r-iphinn Tf>yf (110) : 

The MRi probe 500 further includes a multi-layer printed circuit assembly 572. The 
multi-layer printed circuit assembly 572 is disposed opposing the surface 582A of 
the permanent magnet assembly 562 on the side of the permanent magnet assembly 562 
which is opposite the side facing the volume 518. The multi-layer printed circuit 
assembly 572 includes three printed circuits (not shown) including a X-gradient 
coil, a Y-gradient coil and a Z-gradient coil. The multi-layer printed circuit 
assembly 572 may also include a shim coil (not shown) for active shimming of the 
main magnetic field. 

n<at-a-i1f>H Df^gr-r-iphiort TRy^ (111) : 

The MRI probe 500 further includes a transmitting RF coil 540. The transmitting RF 
coil 540 is disposed between the surface 582B and the volume 518. The mrt probe 500 
further includes a receiving RF coil 575 suitably connected to an RF amplifier 525 
such as a low noise RF amplifier. 

Df^j-a-i Df^ffn-ri phinn Tf>3ct: (113) : 

An advantage of the mrt probe 500 is that the gradient coils and shim coils which 
are included in the multi-layer printed circuit assembly 572 are disposed away from 
the region above the surface 582B and therefore do not restrict access of the imaged 
organ to the volume 518. 

Detailed Description Text (114) : 

Another advantage of the configuration of the mult i -layer printed circuit assembly 
572 within the MRI probe 500 is that the gradient and shim coils (not shown) of the 
multi-layer printed circuit assembly 572 are positioned away from the transmitting 
RF coil 540 and the receiving RF coil 575 and therefore reduce the loading of the 
transmitting RF coil 540 and of the receiving RF coil 575 by the gradient coils (not 
shown) within the multi-layer printed circuit assembly 572, thereby improving image 
quality. 

Detai 1 ed DRficription-^ Text (119) : 

Reference is now made to FIG. 24 which is a schematic diagram illustrating an mrt 
probe having a fixed magnetic field gradient, in accordance with another preferred 
embodiment of the present invention. 

Detailed Degr^rip^,in•n Tf^^x•^^ (120) : 

The MRI probe 600 includes a single permanent magnet assembly 662 having a first 
surface 682A and a second surface 682B opposing the first surface 682A. The 
permanent magnet assembly 662 may be constructed by using various different designs. 
For example, the permanent magnet assembly 662 may be constructed from as a 
plurality of concentric annular permanent magnets as disclosed in detail in 
co-pending U.S. Pat. No. 5,900,793 to Katznelson et al . , now U.S. Pat. 5,900,793 
wherein the exact dimensions, shapes, magnetic field strength and relative 
positioning of the annular permanent magnets in the assembly are designed to obtain 
a fixed magnetic field gradient extending along the axis 612. This fixed Z-gradient 
varies substantially linearly within the predetermined volume 618 along the axis 
612 . The magnetic field is substantially uniform in any plane which is included 
within the volume 618 and is orthogonal to the axis 612 within the volume 618. 

Detailed DegrT-i phi nn Tf^vl- (122) : 

The MRT probe 600 further includes a multi-layer printed circuit assembly 672. The 
multi -layer printed circuit assembly 672 is disposed opposing the surface 682A of 
the permanent magnet assembly 662 on the side of the permanent magnet assembly 662 
which is opposite the side facing the volume 618. In contrast to the multi-layer 
printed circuit assembly 572 of FIG. 23 which includes three gradient coils, the 
multi -layer printed circuit assembly 672 of FIG. 24 includes two printed circuits 
(not shown) including an X-gradient coil, and a Y-gradient coil. The multi-layer 
printed circuit assembly 672 may also include a shim coil (not shown) for active 
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shimming of the magnetic field. 



Dp^t-aileH Df>sf-!riphinn Tf>yh (123) : 

The MRX probe 600 further includes a transmitting RF coil 640, The transmitting RF 
coil 640 is disposed between the surface 682B and the volume 618. The mrt probe 600 
further includes a receiving RF coil 575 suitably connected to an RF amplifier 525 
such as a low noise RF amplifier. 

np>hai1f^d nf^p;r!r•^p^^nn Tpyh (126) : 

The advantages of the disclosed positioning of one or more of the gradient coils of 
the MRI probe 600 are similar to the advantages disclosed in detail for the MRX 
probe 500 hereinabove. 

n<at-a-iTf>d Defirription Text (127) : 

It is noted that, while the permanent magnet assemblies used within the MRI probes 
of FIGS. 4, 8-10, 14, 16-19, 22 and 23 are designed using concentric annular 
permanent magnets as disclosed in detail in co-pending U.S. Pat. No. 5,900,793 to 
Katznelson et al., many other types of magnet assemblies can be used which are 
within the scope of the present invention. For example, the annular permanent 
magnets used in the construction of the permanent magnet assemblies may be 
concentric polygonal annular shapes, or a plurality of elliptically shaped annuli 
having two common axes passing through the foci of the individual elliptical annuli. 



nRl-aTlP»d Diagrr-iph-inn Tf^nct (128) : 

Additionally, other configurations of permanent magnets may be used such as solid 
cube like or bar like permanent magnets or any other types of yoked or-non yoked 
magnets which are constructed to avoid the development of sxibstantial eddy currents 
therewithin by the gradient coils. Such designs may use permanent magnetic materials 
having low electrical conductivity or may use magnetic and/or yoke structures which 
are segmented and are attached or glued by non- electrically conductive materials or 
glues. The development of eddy currents within yoke structures having high 
electrical conductivity may be reduced for enabling their use with the external 
gradient coils of the present invention by slotting the yoked structures with spiral 
or other types of slots to reduce possible current development. Thus, the various 
forms of the external gradient positioning of the present invention may be adapted 
for use with differently designed magnet assemblies configured singly, or as opposed 
pairs of magnetic assemblies having an npf>n region therebetween. 

Detail fid Description Text (130) : 

It is still further noted that, in accordance with yet other preferred embodiments 
of the present invention; screening devices such as conducting metal mesh or grid""" 
may be inserted between various components of the mrt probes for improving RF 
screening. For example, in the mrt probe 150 of FIGS. 16 ajid 17, a suitable circular 
copper mesh piece (not shown) of a diameter similar to the diameter of the 
mult i- layer printed circuit assembly 172 may be disposed between the surface 182A 
and the multi-layer printed circuit assembly 172, while another suitable circular 
copper mesh piece (not shown) of a diameter similar to the diameter of the 
multi- layer printed circuit assembly 174 may be disposed between the surface 184B 
and the multi-layer printed circuit assembly 174. Similarly, pieces of suitable 
copper mesh (not shown) may be used for screening the entire surface of the 
permanent magnet assembly 162 except the surface 182B thereof, and the entire 
surface of the permanent magnet assembly 164 except the surface 184A thereof, e 

Detailed DRRr-ri pt i on Tpyh (132) : 

It is further noted that, preferably, in all the embodiments of the mrt probes 
illustrated in FIGS. 4, 8-10, and 16-19, all the corresponding pairs of the gradient 
coils and shim coils of the mrt probe are electrically connected in series (the 
connections are not shown for the sake of clarity of illustration) . For example, the 
Z-gradient amplifier (not shown) of the mrt probe 150 of FIG. 16 is electrically 
connected to the current input terminal (not shown) of the z-gradient coil (not 
shown) included within the multi -layer printed circuit assembly 172, the current 
output terminal (not shown) of the z-gradient coil of the multi- layer printed 
circuit assembly 172 is electrically connected to the current input terminal (not 
shown) of the z-gradient coil (not shown) included within the multi -layer printed 
circuit assembly 174, and the current output terminal (not shown) of the z-gradient 
coil of the multi-layer printed circuit assembly 174 is electrically connected to 
the Z-gradient amplifier, completing the circuit. Thus the z-gradient amplifier 
energizes both of the complementary z-gradient coils of the opposing multi-layer 
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printed circuit assemoiies 172 and 174, simultaneousl^^A similar in-series 
electrical connection scheme is used for the pairs of complementary x-gradient coils 
(not shown) y-gradients (not shown) and Shim coils (not shown) . However, other 
methods of connection of the complementary pairs of gradient and shim coils may also 
be used, such as the use of pairs of an^lif iers (not shown) , each of which activates 
one coil of the complementary pairs of coils. 

CLAIMS : 



1. Electromagnetic apparatus for use in an MRI device, the apparatus comprising: 

a permanent magnet assembly having a first surface defining a first side of said 
permanent magnet assembly and a second surface defining a second side of said 
permanent magnet assembly opposed to said first side, for producing a predetermined 
volume of substantially uniform magnetic field extending in a first direction beyond 
said first surface; 

an energizable transmitting RF coil for producing an RF electromagnetic field within 
said volume, at least a portion of said RF coil is positioned adjacent said first 
surface of said permanent magnet assembly; 

an energizable z -gradient coil for producing a magnetic field gradient extending 
within said volume in said first direction parallel to a first axis; 

an energizable x-gradient coil for producing a magnetic field gradient extending 
within said volume parallel to a second axis orthogonal to said first axis; and 

an energizable y-gradient coil for producing a magnetic field gradient extending 
within said volume parallel to a third axis orthogonal to said first axis and to 
said second axis, 

wherein at least one of said x-gradient coil, y-gradient coil and z-gradient coil is 
positioned opposing said second surface of said permcuient magnet assembly. 

5. The apparatus according to claim 1 wherein said v-gyad^f*n^. nni 1 ^ said y-gradig>nt 
coll, and said 9;-gT-ad-i <=>n^ rn-il are substantially planar printed circuits assembled 
within a substantially planar multi-layer printed circuit assembly, said multi-layer 
printed circuit assembly is disposed on said second side of said permanent magnet 
assembly facing said second surface. 

18. Electromagnetic apparatus for use in an MRT device, the apparatus comprising: 

a permanent magnet assembly having a first surface and a second surface for 
producing a predetermined volume having a magnetic field varying substantially 
linearly along a first axis, said volume extending in a first direction beyond said 
first surface along said first axis, said magnetic field being siibstantially xiniform 
in any plane included within said predetermined volume and orthogonal to said first 
direction within said predetermined volume; 

an energizable transmitting RF coil for transmitting RF radiation, said RF coil 
having at least one portion thereof positioned opposing said first surface of said 
permanent magnet assembly; 

an energizable x-gradient coil for producing a magnetic field gradient along a 
second axis orthogonal to said first axis; and 

an energizable y-gradient coil for producing a magnetic field gradient along a third 
axis orthogonal to said first axis and to said second axis, 

wherein at least one of said x-gradient coil and y-gradient coil is positioned 
opposing said second surface of said permanent magnet assembly. 

20- A method for constructing an electromagnetic apparatus for use in a n mt?t device, 
the method comprising the steps of: 

providing a permanent magnet assembly having at least a first surface defining a 
first side of said permanent magnet assembly and a second surface defining a second 
side of said permanent magnet assembly opposed to said first side, for producing a 
predetermined volume of substantially uniform magnetic field extending in a first 
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direction beyond saia first surface; 

providing an energizcQDle transmitting RF coil for producing an RF electromagnetic 
field within said volume; 

positioning at least a portion of said transmitting RF coil adjacent said first 
surface of said permanent magnet assembly; 

providing at least one receiving RF coil placeable adjacent to an organ or body part 
to be imaged for receiving RF signals from said organ or body part; 

providing an energizable z-gradient coil for producing a magnetic field gradient 
extending within said volume in said first direction parallel to a first axis; 

providing an energizable x-gradient coil for producing a magnetic field gradient 
extending within said volume parallel to a second axis orthogonal to said first 
axis; 

providing an energizable y-gradient coil for producing a magnetic field gradient 
extending within said volume parallel to a third axis orthogonal to said first axis 
and to said second axis; and 

positioning at least one- of said x-gradient coil, y-gradient coil and z-gradient 
coil opposite said second surface of said permanent magnet assembly for reducing the 
loading of said transmitting RF coil and said at least one receiving RF coil by said 
at least one of said x-gradient coil, y-gradient coil and z-gradient coil. 

21. A method for constructing electromagnetic apparatus for use in a n mrt device, 
the method comprising the steps of: 

providing a permanent magnet assembly having a first surface and a second surface 
for producing a predetermined volume having a magnetic field varying substantially 
linearly along a first axis, said volume extending in a first direction beyond said 
first surface along said first axis, said magnetic field being sxibstantially \iniform 
in cuiy plane included within said predetermined volume and orthogonal to said first 
direction within said predetermined volume; 

providing an energizable transmitting RF coil for transmitting RF radiation; 

positioning said transmitting RF coil such that at least one portion thereof opposes 
said first surface of said permanent magnet assembly; 

providing at least one receiving RF coil placeable adjacent to an organ or body part 
to be imaged for receiving RF signals from said organ or body part; 

providing an energizable x-gradient coil for producing a magnetic field gradient 
along a second axis orthogonal to said first axis; 

providing an energizable y-gradient coil for producing a magnetic field gradient 
along a third axis orthogonal to said first ax±s and to said second axis; and 

positioning at least one of said x-gradient coil and y-gradient coil opposite said 
second surface of said permanent magnet assembly for reducing the loading of said 
transmitting RF coil and said at least one receiving RF coil by said at least one of 
said x-gradient coil and y-gradient coil. 
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AbfihT-arh TRvh (1) : 

In an nmr apparatus with a system of gradient coils for the production of a magnetic 
field gradient within a measurement volume (1) within a field coil, the transverse 
gradient coils are constructed unsymmetrically with respect to the 2=0 plane 
dividing the measurement volume (1) , however largely mirror symmetric to a x=0 or 
y=0 plane containing the z axis, and possess only two partial coils (20 20''; 40', 
40'*) whose windings each exhibit the same winding direction. The axial gradient 
coils are cylindrically symmetric with respect to the z axis and totally imsymmetric 
with respect to the z=0 plane, and consist of at least two partial coils which are 
arranged on differing sides of z=0 plauie, whereby the partial coils on one side 
largely exhibit the opposite winding direction than the coils on the other side, and 
whereby the number of coils with a particular winding direction is not equal to the 
number of coils with the opposite winding direction. In each case, it is thereby 
achieved that the measurement volume (1) is displaced to a, relative to the z axis, 
axial end of the apparatus so that access to the measurement volume (1) is 
substantially improved. 

R-riRf Summary Tf^xt: (2) : 

The invention concerns an apparatus for the production of nuclear magnelLic__resQnance 
(NMR ) with a field coil for the production of a homogeneous magnetic field B.sub.z 
in the direction of a z-axis and a system of gradient coils for the production of at 
least one approximately constant magnetic field gradient within a measurement volume 
in the homogeneous region of the magnetic field produced by the field coil, whereby 
the system of gradient coils exhibits at least a subsystem of transverse gradient 
coils for the production of magnetic field gradients G.sub.x or G.sub.y in a 
direction x or y perpendicular to the z-sixis. 

Brief Summary Text (4) : 

Such an nmr construction is by way of example known in the art from DE OS 31 33 873. 



Brief Summary Text (5) : 

An important component of this type of nmr system, which is normally used for 
nuclear spin tomography, is a system of three gradient coils which, independent of 
another, are fed with currents of different strengths. These coils serve the purpose 
of overlapping constant field gradients of adjustable strengths upon the homogeneous 
magnetic field B.sub.O of the main field coil, whereby the direction of one of these 
gradients (dB.sub.z /dz) is, as a rule, parallel to the direction of the homogeneous 
main field B.sub.Oz, that is to say, to the axis of the main field magnet {z 
gradient=axial gradient) and the directions of the two other gradients (dB.sub.z 
/dx, dB.sub.z /dy) run orthogonal thereto and with respect to each other treuisverse 
to the direction of the main field (x and y gradients=transverse gradients) . The 
spatial region in which the magnetic field of these gradient coils runs 
approximately linearly can be utilized for spatially resolved nmr methods (imaging, 
position selective spectroscopy) in so far as this region is not further limited 
through inhomogeneities of the main field. The gradient coils are, as a rule, 
attached to a cylindrical support pipe which surrounds the patient. 

Rripf .q nmmary Te^.ict (6) : 

Due to the geometric configuration of conventional gradient coils, the support pipe 
has an axial extent to both sides of the center of the linear region which assumes a 
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value of 0.6 to 1.5 tiSR the diameter of the support pipe. With the typical value 
of 0.7 m for the diameter of the support pipe, this is 0.42 m to 1.05 m. The patient 
is therefore surrounded by a relatively long narrow pipe. With sensitive patients, 
this can easily lead to conditions of claustrophobia. A further disadvantage of 
conventional gradient coils systems is due to the fact that is is not possible, in 
special body investigations as by way of example the examination of the head or the 
extremities, to utilize gradient coils in proximity to the object since the coils, 
due to the large axial separation from the linear region up to the ends of the 
support pipe, must surroiind the shoulders of the patient, that is to say must have a 
diameter of at least 0.5 m. Gradient coils in proximity to the object with small 
diameters had namely the advantage of a substantially reduced inductivity for a 
given gradient strength per unit current, through which correspondingly smaller 
gradient rise times were made possible. This is particularly advantageous for the 
executability of modem ^JMR examination methods (echoplanar methods etc.) . 

RT-iP>f finrnmaTY T<ay^ (IQ) . 

Towards this end it is therefore necessary that a patient, of which by way of 
example a tomogram of the inner skull is to be taken, be inserted head first over a 
long axial stretch along the z-axis into a long narrow pipe so that the head of the 
patient comes to rest in the measurement volume in the middle z=0 plane. In the 
event that the diameter d of the gradient coil, by way of example for the purpose of 
realizing high gradient strengths or small inductivity, is less than the shmilder 
width of the patient, the patient upon insertion into the magnet, would be stuck at 
the fihnnldRrg and the head would not be able to be brought at all into the axially 
distant measurement volume. 

Brief Summary Text (11) : 

European laid open publication 0399789A2 discloses the use of a asymmetric 
transverse gradient coil in conjunction with fringe field imaging. In the fringe 
field imaging procedure, the axial gradient is generated by the inhomogeneous 
magnetic field at the edge of the magnet. Although these gradients can be extremely 
strong, their linearity is compromised. In conjunction with this system, symmetric 
axial gradient coils, to supplement the axial gradient of the fringe field, are 
disclosed. There is no mention of asymmetric ghi folding nnilg in conjunction with the 
system. 

Brief Summary Text (12) : 

European laid open publication 0108421A2 discloses the use of an asymmetric axial 
gradient coil in conjiinction with trauisverse coil systems for the purpose of 
displacing the center of the gradient region for imaging. Asymmetric transverse 
coils are not proposed nor are they relevant to this particular publication. The use 
of active ahi r1 di ng is discussed in Europan patent laid open publication 0433002A2 
and a possible geometric configuration for asymmetric transverse gradient nnilg is 
suggested in the abstracts to the Society of Magnf^t-ir? p<=>gr>nanr«<a in Medicine Meeting, 
Aug. 1991, page 711. 

R-r-jp^f finrnmary Tf^vt (13) : 

In view of the above, it is therefore the purpose of the present invention to 
present an in^roved nmr apparatus that, on the one hand, compensates for patient 
claustrophobia while, on the other hand, allowing head examinations using an 
apparatus whose inner diameter clearance can be, for example, larger than the 
diameter of a human head, but smaller than the average fihnnl df^r width of a person. 

Rr-if^f finmrnaTy Tf^yt (16) : 

In this fashion the separation z.siib.O between the patient sided end of the gradient 
coil system and the center of the linear investigation region is sxibstantially 
reduced. The geometry of the gradient coil system is, in the apparatus in accordance 
with the invention, so reformed that the region of linear magnetic field and 
gradient dependence useful for nmr investigations can already start on the patient 
end side of the gradient coil system. The detailed guiding of the winding sections 
on the patient side is thereby so carried out that a sufficiently larger region for 
NMR investigations results which exhibits a field dependence with sufficiently small 
deviations from ideal linear gradient field dependence. 

Brief Summary Text: (18) : 

The patient sided return section of a conventional gradient coil which, on the one 
hand, causes the large separation from the center of the linear region and, on the 
other hand, reduces in principle the size of the linear region suitable for nmr 
investigations, is displaced to the side turned away from the patient. The 
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unsymmetric perturbatSIF in the field dependence thereby resulting in the vicinity 
of the zone provided for NMR investigations can, on the one hand, be kept small by 
displacing the return section of the windings at large distances from this region 
and, on the other hand, this perturbation can be largely compensated for by means of 
detailed guiding of the winding sections on the patient side. 

RT"if>f finmmary T<=^yt (19) : 

Through the utilization of the transverse gradient coil in accordance with the 
invention it is possible, in a simple. manner, to achieve the above mentioned 
purpose, namely the reduction of the distance z.sxib.O between the patient sided 
front side of the gradient coil system and the center of the measurement volume 
suitable for NMR investigations. 

n-riAf finmmaTy Tf>y^ (20) : 

As a rule an apparatus for the excitation of nuclear magnp>h-ir -rf^finnannp^g also 
contains a subsystem of axial gradient coils for the production of a magnetic field 
gradient G.sub.z in the direction of the z-axis. With the axial gradient coils, the 

axial extent to both sides of the center of the linear field region of the coil is 
less than that of transverse gradient coils. With coils of sufficient linearity, it 
assumes a value in general, of more than 0.44 times (.sqroot.3/4 times) the diameter 
of the coil. With the gradient coils which are suitable for whole body 
investigations of adults, and exhibit, in general, a diameter d of 0.7 m, this is 
about .+-. 0.3 m. This value is thereby significantly smaller thsui that of 
transverse gradient coils. 

Rr"ip>f SnmmarY T<ayh (22) : 

When utilizing the transverse gradient coils in accordance with the invention and 
conventional axial gradient coils, the above mentioned separation z.sub.O between 
the patient sided front side of the gradient coil system and the center of the 
measurement volume suitable for nmr investigations is as a rule determined by the 
cucial extent of the axial gradient coils. 

R-r-if^f .gumma ry Tp>yh (25) : 

When using the transverse coil system in accordance with the invention in 
conjunction with a conventional axial gradient coil system, the symmetric character 
of the axial conventional gradient system causes the axial extent of said system to 
project out beyond the asymmetrically arranged and foreshortened transverse gradient 
coils unless the separation of the conventional axial gradient coils is 
substantially less than usual. This, in turn, results in the conflicting 
requirements of maintaining open access through reduction of the total length of the 
transverse and axial gradient coils while maintaining good axial gradient coil 
linearity by keeping the partial axial gradient coils sufficiently far apart. 
Foreshortening the axial conventional symmetric gradient coils in order to prevent 
them from projecting out beyond the foreshortened asymmetric transverse gradient 
coils results in poor axial gradient linearity. It is therefore particularly 
advantageous to utilize the asymmetric axial gradient coils in conjunction with the 
asymmetric transverse gradient coils. This combination allows for maintenance of the 
requirement of open access while permitting sufficient linearity of both the axial 
and transverse gradient fields. 

R-r-jpf fininmaTY Tf^vh (26) : 

In embodiments of the invention, the transverse gradient coils can be asymmetrically 
arranged' saddle coils with respect to the measurement volume, whereas in other 
embodiments are, with respect to the measurement volume, asymmetrically arranged 
streamline shaped coils which correspond to the conventional symmetrically arranged 
streamline shaped coils depicted in EP-0 320 285 with which an optimization of the 
coil inductivity n as well as a particularly high linearity of the corresponding 
field gradient can be achieved. 

Rriftf Summary Text (27) : 

In a particularly advsuitageous embodiment of the NMR apparatus in accordance with 
the invention, a field coil is utilized for the production of the homogeneous 
magnetic field B.sub.O which exhibits extremely small axial extent such as, by way 

of example, is described in EP-0 160 350. This so called "slice" field coil with 
very flat geometrical construction, has a homogeneity region up to the edge of the 
coil. When utilizing conventional gradient coils for tomographical reasons, this 
advantage goes largely unused, whereas with the modified asymmetric gradient coils 
in accordance with the invention the measurement region is taken advantage of up to 
the edge of the "slice" field coils which by way of example can be of great use in 
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mammography. 



Ry-if^f fiiimmarY Tf>yh (28) : 

Since, when switching the electrical current through the above described asymmetric 
gradient 1 due to the lack of symmetry with respect to the z=0 plane dividing 
the measurement volume, correspondingly unsymmetric and perturbing eddy currents can 
establish themselves in the surrounding metal structure of the main field magnets, 
in a preferred embodiment of the invention, the gradient coils are actively gh-LRl dp>d 
(see by way of example EP-AIO 216 590) . Towards this end, active ahig^ld-ing r^n-i 1 g are 
arranged about the z axis on a cylinder which exhibits a larger radius than the 
cylinder containing the gradient coila, whereby the anhwR gh-i folding rojla haw 
largely the same symmetry properties as the gradient: noils , 

R-riAf fiiimmary Tf^y^ (29) : 

When utilizing the asymmetric transverse gradient coils in accordance with the 
invention, rapid switching of the gradient fields induces, through interaction with 
the main homogeneous magnetic field, Lorentz forces with these forces generating a 
torque on the transverse gradient coils. For a symmetric construction of the 
transverse gradient coils the two partial gradient coil halves, which are symmetric 
with respect to the central z=0 plane, generate torques in equal and opposite 
directions which, when the partial coil halves are rigidly conected to each other, 
cancel each other resulting in no net torque on the symmetric transverse gradient 
coil. However in the asymmetric case, there is no net cancellation of this torque 
and a large net torque on the asymmetric transverse gradient coil system thereby 
results. This torque is sufficiently large to present significant mechanical 
structure and mounting problems for the gradient coil system. However, when the 
asymmetric transverse gradient r;o-i ig are used in conjunction with an asymmetric 
transverse coil active ghTf=>lH, ^_hp^ ahif^lH-ing currents will be in the opposite 
direction to those flowing in the transveirse gradient coil and therefore the 
resulting torque on the shield will be opposite to that on the asymmetric transverse 
gradient coil . if the asymmetric transverse co-i 1 active shield and the asymmetric 
transverse gradient coil are rigidly attached to each other, the net torque on the 
combined system will be cancelled and the net combined mechanical system comprising 
the axial, the transverse asymmetric gradient coils, and their corresponding active 
shield will experience no net torque and therefore greatly improved mechanical 
stcdDility. 

Rriftf Summary Tftxt (30) : 

In order to achieve a good shiftlding effect, it is necessary that the axial extent 

of the shield-ing roils be larger than the gradient coils themselves and, also in the 
direction of the patient side. Since, however, the active shielding noils have 
preferentially a diameter which is larger by approximately a factor of 1.15 to 1.4 
than the gradient coils, in this fashion the good properties of the asymmetric 
gradient coil system in accordance with the invention with regard to the desired 
reduction of claustrophobia and the improved utilization of the measurement volume 
are not compromised. 

R-rief finmmary Text-, (31) : 

In order to achieve an optimal shielding effect, in a preferred embodiment, the 
shielding coils are provided with an axial length on both sides of the z=0 plane 
which is larger than that of the gradient coils . 

Brief Summary Teyh (32) : 

In particular with the utilization of a very f 1 "slice" field coil the windings of 
the shielding coils on the patient sided end of the apparatus would thereby, 
however, project out beyond the aixial end of the gradien t noil and thereby negate 
the advantage of the extremely small axial extension. 

Brief finmmary Teyh (33) : 

Preferentially for this case, in one embodiment, the shielding coil windings can be 
guided at the position (z=- .vertline.Z.sub.O .vertline.) given by the aixial end of 
the gradient coil in the z=- .vertline . Z . sub. 0 .vertline. plane and be radially 
distributed. The distribution of the windings of the shielding noils in the 
z=- .vertline . z . sub. 0 .vertline. plane as well as in the region z>- .vertline . z . sub. 0 
.vertline. over the cylinder surface containing the other parts of the shielding 
coils with radius R.sub.s is to be configured in such a manner that the magnetic 
field produced thereby through the gradient coi 1 s is minimized in the partial region 
z>- .vertline. z. sub. 0 .vertline. at radius r>R.sub.s. 
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R-ri p>f gumma ry Tpyf (3 
In this fashion the patient sided end of the fihi<alfi-ing noil which would otherwise 
project in an axial direction onto the patient is, to a certain extent, radially 
"bent-off " in the outer direction and no longer impedes the axial access to the 
measurement volume. 

n-r;:>wing DpgrT-i phi nn Tpxt (3) : 

FIG. la a schematic representation of the asymmetric saddl p> gradient coil in 
accordance with the invention with indicated spherically shaped measurement volume; 

Drawing Df^Rcriptlnn Text (4) : 

FIG. lb conventional aaddlf* shaped transverse gradient coils according to prior art; 



n-raw-ing nf^PSfT-i pH on TP>yh (5) : 

FIG. 2a a f lah winding of the doLible aaddlf^ transverse gradif^n^ no-? is in accordance 
with the invention with indicated position of the measurement volume and arrows in 
the direction of the current flow; 

D-rawing Desrriphion Text (6) : 

FIG. 2b a winding of a conventional symmetrically arranged double aaddl f^. coil 
according to prior art; 

n-raw-ing nf>fif?yi ph i nn Tf^vt- (7) : 

FIG. 3a a vf>r^-ir!al cut through the nmr apparatus in the x=0 or y=0 plane with 
symmetric gradient coil system in accordance with the invention; 

n-raw-ing Df*gpriptiQn Text, (10) : 

above: a schematic cross section through an nmr apparatus in accordance with the 
invention with asymmetric axial gradient coils, 

Draw-ing Df^finript-i nn Tf^y^ (13) : 

above: a vp>•r^^ir?a^ cross section through a conventional nmr apparatus 
Drawing Description Text (15) : 

FIG. 5 schematic of a w.rtiral cross section through an nmr apparatus in accordance 
with the invention with asymmetric gradient f^Qils and patient sided "bent-off" 
fihiftlding coils. 

Detailed Dptscription Text (2) : 

The schematically represented configuration of PIG. lb of conventional simple saddlg* 
-^shaped transverse gradient coils exhibits a mirror symmetry of the four partial 
coils 11' , 11* ' , 11* ' » and 11' ' ' » with respect to the symmetry planes z=0 and y=0. 
By means of current flowing in the direction of the arrow, a field gradient, which 
runs approximately linearly in the y direction, is produced in a measurement volume 
1. The measurement volume 1 is approximately defined by a sphere whose center is at 
the point of intersection of the three symmetry planes Z=0, x=0 suid y=0. For the 
production of the linear transverse field gradient in the measurement volume 1/ only 
the "useful .Qaddlg* portions" 12', 12 » ' , 12''' and 12 • ' • ' contribute, whereas the 
remaining parts of the partial coils 11' , 11' ' , 11' ' ' and 11' ' ' ' , in particular 
those of the "return current gaddlg> parts" 13 ' , 13 ' ' , 13 ' ' ' and 13 • ' ' • which are 
turned away from the measurement volume serve solely to return the current through 
the partial coils. FIG. lb clearly shows that the access to the measurement volume 1 
in the direction of the z axis is in particular hindered by the return current 
saddlft parts 13 ' , 13 ' ' , 13 ' ' ' and 13 ' ' ' ' which project away in the axial direction 
from the measurement volume. 

PRhailRd Df>c:;r!r'ipt--inn Tf^yf (3) : 

In contrast thereto, with the asymmetric configuration of transverse gradient coils 
8 in accordance with the invention shown in FIG. la, the return current gaddlf> parts 
23', 23'' of the associated useful gaddlf* parts 22', 22'' of the partial coils 21', 
21' ' are folded as seen by the viewers to the right side of the measurement volume 
1. Compared to the conventional configuration, the additional partial coils 21''', 
21' ' • ', which are likewise arranged on the right side of the z=0 plane remain 
unchanged. For geometrical reasons the saddle, portions of the modified partial coils 
21' , 21' ' surround these unchanged partial coils 21' ' ' , 21' ' ' ' . Thereby, the partial 
coils 21' , 21' ' ' together form a partial coil 20' and the partial coils 21' • , 21' ' ' ' 
together a partial coil 20' ' . In consequence of this the total configuration of the 
asymmetric transverse gradient coils 8 according to the invention is constructed 




5 of 8 



04/04/2003 3:56 ?l 



from solely two partia^^oils 20', 20'' which lie symmetrically across from another 
with respect to the y=0 plane. The fact that the useful Rarfrfl parts 21', 21'' 
produce a somewhat different field distribution than that of the somewhat smaller 
useful garif^lf^ portions 22 • ' ' , 22 ' ' ' ' can be taken into account through differing 
winding numbers of the corresponding partial coils and through an adapting of the 
exact axial positions of the gadHlP* portions 21', 21''. In this manner it is 
possible in measurement volume 1 to produce an approximately linear field gradient 
dependence. FIG. la clearly shows that the axial access to the measurement volume 1 
in the z direction at the viewer's left side of the z=0 plane of the configuration 
is distinctly improved through the "folding away" of the return current aaddlF^ 
portions 23 ' , 23 ' • . 

np>1-ailg?d Ppfirrip^inn T^yh (4) : 

The schematic winding shown in FIG. 2b of a system of four conventional double 
gaddif> coils which produce a gradient field of higher linearity than that of the 
simple gaHdlf> coils shown in FIG. lb, is, for its part, comprised of four partial 
coils 30' , 30' ' , 30' ' ' and 30' ' ' ' . The measurement volume 1 is indicated twice in 
the view. Each of the double saddle coils is composed of a nesting of two partial 
coils 31', 31'' whose useful saddle portions 32', 32'' are held at an axial 
separation with respect to each other in the direction of the z axis and contribute, 
when current is flowing through the coils, to the construction of the transverse 
magnetic field gradient, whereas the corresponding return current saddle parts 33', 
33 • ' are guided parallel and in proximity to another on the side axially removed 
from the measurement volume 1. 

Detailed Dftscription Text (5) : 

In contrast, the asymmetric subsystem of treuisverse gradient coils 8 in accordance 
with the invention shown in FIG. 2a is comprised of only two oppositely positioned 
partial coils 40', 40'' in which the useful saHdl e portions 42', 42'', 42''', 42 • ' • 
associated with the return current saddle portions 43', 43'', 43''', 43'''' are 
folded in the direction of the side of the z=0 plane which is turned away from the 
useful saddle portions. In this fashion at the observer's left side of the 
asymmetrical double saddle coils 8 shown in FIG. 2a, a significantly simplified 
axial access to the measurement volume 1 in the z direction is again given since the 
separation z.sub.O between the patient sided end of the gradient coil system and the 
center of the linear investigational region is substantially reduced compared to the 
conventional system. 

Detailed Description Text (6) : 

The same effect also manifests itself when comparing FIG. 3b, where a conventional 
NMR system with symmetric gradient coils is schematically represented in transverse 
cross section, to the system in accordance with the invention of FIG. 3a. 

Derailed Desr-r-i phi on Teyh (7) : 

Indicated here are the fiel d coil 2, active sh-ield-ing no-ils 3 and 6 each, and in 
FIG. 3b the symmetric axial gradient froi 1 s 4 or in FIG. 3a the modified asymmetric 
axial gradient coil 5 in accordance with the invention. Here also, for the case of 
the asymmetric gradient coils, the distance z.sub.O is substantially reduced. 

Detailed Desrription Text (8) : 

FIG. 4b again shows a schematic vert-i ral section through a conventional NMR 
apparatus with field roil 2, active sh-ield coils 3 and symmetrically arranged axial 
gradient coils 4 which enclose a measurement volume 1. Thereby, the anti- symmetric 
dependence with respect to the z=0 plane of the magnetic field gradients in the 
direction of the z axis thereby produced are also schematically shown. FIG. 4a on 
the other hand shows the .asymmetric axial gradient coils 5 in accordance with the 
invention with the associated likewise asymmetrically arranged active shielding coil 
6. The corresponding field dependence B.siib.z (z) is no longer ^.nti- symmetric with 
the respect to the z=0 plane, rather is completely unsymmetric. Through 
corresponding configuration of the windings of the axial gradient coils 5 it is 
possible to achieve a sufficiently larger region for NMR investigations with only 
small deviations from ideal linear gradient dependence. 

Detailed Description Texh ( 9) : 

Since the intrinsic property of conventional anti -symmetric aixial gradient coils 4 
of a vanishing field value of B.sub.z= 0 in the plane z=0 is not a requirement for 
carrying out position selective nmr methods, the properties of the unsymmetric axial 
gradient coils 5 in accordance with the invention, with regard to a reduction of the 
distance z.sub.O and/or an improvement in the linearity, lend themselves to further 
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improvement through tl^r realization of a gradient field dependence with the 
following properties: 



Df^^ailg^fi npgr-r-iphinn Tf^vh (10) : 

In the region of the measurement volume 1 provided for nmr investigations a field 
dependence of the form 

Detailed Description Text (11) : 

is approximately realized. The coordinate z=0 thereby lies approximately in the 
center of the region provided for NMR investigations. Furthermore B.sub.O and 
B.sub.l /z.sub.l both have the same sign and B.sub.l approximately equal to B.sub.O. 
It is thereby possible to approximately realize the net field dependence given in 
the larger portion of FIG. 4a. 

Detailed Dftscription Text (12) : 

A further improvement of the apparatus in accordance with the invention is 
represented in FIG. 5 where the active ghield-ing nni 1 ps e which are matched to the 
symmetry of the totally unsymmetric axial gradient nni ^ r s do not, as in 
conventional roilg, project in the z direction beyond the axial gradient r;r)ils in 
the region in proximity to the patient, rather are, in a certain sense, "bent -off" 
through radial distribution in a plane. Thereby a further improvement of the axial 
access to the measurement volume 1 or a reduction in the separation z.sub.O results. 



Df>ha-ilf>d Descriptiion Texh (13) : 

In the configuration of FIG. 5 the asymmetric transverse coils 8 are located, by way 
of example, within the axial asymmetric gradient coils 5. The mountings of the 
transverse ;^Rymmp>h-r-i r gra(iTP>nh nni 1 a 8, the axial asymmetric g•rad■ip>n ^ nn-il « 5^ and 
the ar^•LVR Rh-iplding rr>-i 1 <^ 6 are SO arranged that all three g^Rts nf roilg are 
rigidly connected to each other by means of a rigid connector means 9 . The gradient 
noilfi could be epoxied together into one subsystem and the asymmetric active 
Rh-ipld-ing rolTs could be epoxied together into a separate subsystem amd rigidly 
attached to each other or the entire system of gradient plus ahig^lding coils could 
be epoxied together as one solid unit. The rigid connector means 9 assure that the 
torques generated on the asymmetric transverse gradient ro-i 1 g 8 are cancelled at 
least partially through the oppositely directed torques on the corresponding active 
Rhielding coils 6. 

CLAIMS: 

1. An apparatus for the production of nuclear magnetic reaonancR (NMR ) comprising: 

(a) a field coil for the production of a homogeneous magnetic field B.siib.z in the 
direction of a z-axis, said homogeneous field having a measurement volume whose 
center lies on the z axis; 

(b) a transverse gradient coil for the production of a magnetic field gradient in a 
direction perpendicular to the z axis, said transverse gradient coil being 
constructed to be unsymmetric with respect to a z=0 plane perpendicular to the z 
axis through the center of the measurement volume; and 

(c) an axial gradient coil for the production of a magnetic field gradient G.sub.z 
in the direction of the z axis, said axial gradient coil being arranged 
cylindrically symmetric with respect to the z axis and unsymmetric with respect to 
the z=0 plane. 

2. An apparatus according to claim 1, wherein said transverse gradient coil is, 
relative to the measurement volume, an asymmetrically arranged gadril^ coil. 

5. An apparatus according to claim 1, further con^rising: 

(d) active ahi folding roila, said cot 1 q being arranged on a cylindrical surface about 
the z axis at a larger radius than said transverse and axial gradient coils, with 
said shielding coils having largely the same symmetry properties as said transverse 
and axial gradient mils. 

6. An apparatus according to claim 5, wherein said pthi folding coiTg exhibit a 
diameter which is larger than that of said gradient mi i g by a factor of 1.15 to 
1.4. 
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7. An apparatus according to claim 5, wherein said Rhlf^lding roi 1 g are provided to 
have a larger axial length than said gradient coi 1 s on both sides of the z=0 plane. 



8. An apparatus according to claim 5, wherein the axial extent of sai d gh-if^iriing 
r!oilg on the side of the z-0 plane lying away from a point on the z axis at the 
middle of said field coil is arranged to be at the axial end of said gradient coj 1 
and the windings of said ffhi aiding rm' ig are radially distributed at this axial end 
in a plane. 

10. An apparatus according to claim 9, wherein said transverse gradient coil is, 
relative to the measurement volume, an asymmetrically arranged aaddlf^ coil. 

13. An apparatus according to claim 9, further comprising gh-i f>i di ng roiig, 
anri nni 1 g being arranged on a cylindrical surface about the z axis at a larger 
radius than said transverse and axial gradient nm'lg^ ga-lH gb-jfaid-lng rnilg having 
largely the same symmetry properties as said gradient_coiljs . 

14. An apparatus according to claim 13, wherein said ship>irf Tng rnilg exhibit a 
diameter which is larger than that of said gradient coi 1h by a factor of 1 . 15 to 
1.4. 

15. An apparatus according to claim 13, wherein said fih-i<aid Tng croilg are provided to 
have a larger axial length than said gradient rrni ^ a on both sides of the z=0 plane. 

16. An apparatus according to claim 13, wherein the oixial extent of gai'rf cth-i p»i ding 
coils on the side of the z=0 plane lying away from a point on the z axis at the 
middle of said field £:q11 is arranged to be at the axial end of said gradient r^rii Is, 
and the windings of said shielding roilg are radially distributed at this axial end 
in a plane. 
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TITLE: Wide aperture gradient set 



Abstract Text (1) : 

An insertable coil (40) is inserted in a bore (12) of a magnet i a rf^aonanc!f> imaging 
apparatus. Primary field magnets (10) create a temporally constant magnetic field 
longitudinally through the insertable coil. A computer control (58) controls a radio 
frequency coil (44) and a gradient coil (42) to create magnp»t:ic; T-^gnnancg* imaging 
sequences and process received magnp^ Mc resonance signals into image 
representations. The insertable gradient coil includes a central cylindrical portion 
(60) having a first circumference. A second portion (62) disposed toward a patient 
receiving end of the insertable coil has a second circumference which is larger than 
the first circumference. In this manner, the first, smaller circumferential portion 
is adapted to receive the patient's head and the larger circumferential portion is 
adapted to accommodate the patient's shoulders. For symmetry which eliminates 
magnetic field induced torques, a service end (68) matches and is symmetric to the 
patient end (62) . The z-gradient coil windings (FIG. 3) , and x and y-gradient coil 
windings (FIGS. 4 or 5) are mounted such that a portion of the windings are on the 
first, smaller circumferential portion and a portion of the windings are on the 
larger patient and service end portions - 

Rr-ief flnmmary Tevh (2) : 

The present invention relates to the magnetic resonance imaging art. It finds 
particular application in conjunction with insertable gradient coils for high speed 
imaging techniques and will be described with particular reference thereto. 

Rrif^f fiiimmaTy Teyh ( 3 ) : 

Magnetic resonance imagers commonly include a large diameter, whole body gradient 
coil which surrounds a patient receiving bore. Main field magnets, either 
superconducting or resistive, and radio frequency transmission/ reception coils also 
surround the bore. Although the whole body gradient coils produce excellent linear 
magnetic field gradients, they have several drawbacks. With large diameter gradient 
coils, the slew rate is sufficiently slow that it is a limiting factor on the rate 
at which gradient magnetic fields can be induced and changed. Large diameter whole 
body gradient coils are too slow for some of the highest speed magnf^t-ir; rf^c-nnannf^ 
imaging techniques. The energy stored in gradient coils is generally proportional to 
greater than the fifth power of the radius. Hence, large diameter, whole body coils 
require large amounts of energy. Further, superconducting main magnets have cold 
shields disposed around the bore. The larger the diameter of the gradient coil ^ the 
closer it is to the cold shields and hence the more apt it is to produce eddy 
currents. More shif>lding is needed to prevent the whole body gradient coils from 
inducing eddy currents in the cold ghif»ldg than would be necessary for smaller 
diameter r^o-i 1 g . 

Brief Summary Text (5) : 

As a general rule, the longer the cylindrical head coil, the larger the region over 
which the gradient is linear and the more linear the region is. However, the 
patient's ahouT dp,rR are a limiting factor on the length of a symmetric gradient 
coil. The shoulders limit the isocenter to about 20 cm at the patient end. Thus, 
symmetric head coils have heretofore been limited to sUDOut 40 cm in length. 

Brief iSummary Text (7) : 

Although conventional head gradient coils include a Maxwell pair for the z-axis or 
Golay fiaddlp^ coils for the x or y-axes on the surface of a cylinder, others have 
proposed coils in which all windings do not lie on the cylinder surface. "Compact 
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Magnet and Gradient S^Kem For Breast Imaging", S. Pissanetzky, et al., SMRM 12th 
Annual Meeting, p. 1304 (1993) illustrates a compact asymmetric cylinder coil bent 
up radially at a 90. degree, angle at the field producing end of the coil. The coil 
is designed for breast imaging with the coil pressed up against the chest. 
"High-Order, Mult i -Dimensional Design of Distributed Surface Gradient Coil", Oh et 
al., SMRM 12th Annual Meeting, p. 310 (1993) attett^ts to optimize a gradient surface 
coil using current flows in three dimensions. One of the problems with the Oh 
surface gradient coil is that it was difficult to control linearity. Further, the 
coil was difficult to manufacture due to its complicated shape and high current 
densities . 

Brip^f Siimma-ry TRxt: (12) : 

In accordance with another more limited aspect of the present invention, the 
gradig>nt: coils include a plurality of thumbprint windings. The thumbprint windings 
have the first, smaller radius adjacent the isocenter cuid are flared to the second, 
larger radius adjacent at least the patient end of the coil. 

Drawing Pg^grript inn Tg>xt (3) : 

FIG. 1 is a diagrammatic illustration of a magneti c rpsnnanr^f^ imaging system 
including an insertable coil in accordance with the present invention; 

Drawing Description Text (6) : 

FIG. 4 is a diagrammatic illustration of one quadrant of an x or y-gradient 
fingerprint type winding for the gradient coil of FIG. 3 laid out £lat; 

Detailed Description Text (3) : 

A whole body gradient coil assembly 30 includes x, y, and z-coils mounted along the 
bore 12 . Preferably, the gradient coil assembly is a self jishieldfid gradient coil 
assembly that includes primary x, y, and zjzJZoUL assemblies potted in a dielectric 
former 32 and a secondary gradient nn±l assembly 34 that is supported on a bore 
defining cylinder of the vacuum dewar 22, A whole body RF coil 36 is mounted inside 
the gradient coil assembly 30. A whole body RF shif>ld 38, e.g. copper mesh, is 
mounted between RF nn±i 35 and the gradient coil assembly 34. 

np>ta-i1p>d nRRr!r^p^^r>n Tf^■x:^, (4) : 

An insertable gradient coil 40 is removably mounted in the center of the bore 12. 
The insertable coil assembly includes an insertable gradient coil assembly 42 
supported by a dielectric former. An insertable RF coil 44 is mounted inside the 
dielectric former. An RF shield 46 is movinted between the insertadDle RF and gradient 
r,oi Is. 

Detailed Description Text (5) : 

An operator interface and control station 50 includes a human- readable display such 
as a video monitor 52 and an operator input means including a keyboard 54 and a 
mouse 56. A computer control and reconstruction module 58 includes computer hardware 
and software for controlling the radio frequency coils 36 and 44 and the gradient 
mil g 30 and 42 to implement any of a multiplicity of conventional magnet in 
resonance imaging sequences, including echo -planar imaging sequences. Echo-plauiar 
imaging sequences are characterized by short repetition rates and low flip angles. 
The processor 58 also includes a digital transmitter for providing RF excitation and 
resonance manipulation signals to the RF coil and a digital receiver for receiving 
and demodulating magnetic regonance signals. An array processor and associated 
software reconstruct the received magnetic rec-nnance signals into an image 
representation which is stored in computer memory or on disk. A video processor 
selectively extracts portions of the stored reconstructed image representation and 
formats the data for display by the video monitor 52 . 

Detailed Description Text (6) : 

With reference to FIG. 2, the active gradient coil windings of the insertable 
gradient coil assembly 42 in the preferred embodiment are confined to a first 
cylindrical surface region 60 and an open patient end conical surface 62. The 
cylindrical surface 60 has an isocenter 64 mid-way, a distance z.sub.cp from either 
edge of the cylindrical surface. The cylindrical surface has an interior dimension 
sized to receive the human head, preferably with a radius .rhc.sub.c equal to about 
15 cm. The RF screen and RF head coil reside inside of this diameter, between the 
subject's head and the gradient. The conical section 62 and a matching service end 
conical portion 68 flare from the radius .rhc.sub.c to a larger radius .rho-.sub.s. 
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np^a^^fid Df^flrr-i ph i on T^t, (19) : 

Various alternate embodiments are also contemplated. With reference to FIG. 6, the 
coil may again have a central cylindrical portion 60 sized to fit the subject's head 
or other anatomical portion. A flared region 62 connects the central cylindrical 
region with outer cylindrical regions 66 of larger diameter. In a head coil 
embodiment, the larger cylindrical region 66 is of sufficient dimension to receive 
the patient's fihoulders therein. For symmetry purposes, matching flared regions and 
cylindrical regions are preferably provided on both the patient and the service end 
68 of the head coil. As another alternative, the central cylinder 60 can be 
elliptical to follow the generally elliptical cross-section of the human head and 
the outer larger cylindrical portion 66 is elliptical in a direction to match the 
aspect ratio of the human shouldejiza. 

Qhhf^r f^Trenrg* Pn "hi i ra^, ion (3) : 

"WMR Imaging in Biomedicine, Supplement 2," Mamsfield, et al., pp. 268-269 (1982). 
CLAIMS: 

1. In an insertable gradient coil for a magng>Mr TRPsonannR imaging apparatus, which 
insertable gradient coil includes a central cylindrical portion having an interior 
bore of a first cross- section dimensioned to receive a head of the siibject to be 
imaged, the central cylindrical portion carrying gradient coil windings for creating 
linear magnetic field gradients in the interior bore through the subject's head, THE 
IMPROVEMENT COMPRISING: 

the insertable gradient coil further including a first end portion of a second 
cross-section dimensioned to receive shoulders of the svibject to be imaged, the 
second cross-section being larger than the first cross-section, the first end 
portion being connected with a first end of the central cylindrical portion adjacent 
a patient receiving end of the insertable gradient coil, the gradient coil windings 
extending in part along the first end portion such that the gradient coil windings 
lie in part on the central cylindrical portion and in part off the central 
cylindrical portion on the first end portion. 

3 . A gradient magnetic field coil assembly for a magnf>hic; r-f>gonanrR imaging 
apparatus, the gradient field coil assembly comprising: 

a central cylindrical region of a first circumference; 

a first end region adjacent at least one end of the central region having a second 
circumference, the second circumference being larger than the first circumference; 

a gradient coil for generating magnetic field gradients within the smaller 
circumference portion, the gradient coil having windings on both the smaller 
circumference central region and the larger circumference first end region. 

4 . The gr-adip^nh nnii assembly as set forth in claim 3 further including a second end 
region disposed adjacent a second end of the central cylindrical region, the second 
end region having a circumference that is larger than said first circumference. 

5. The grad^<qn^ roil assembly as set forth in claim 3 wherein the_gradient windings 
include an axial gradif>nh winding extending circumf erentially around the central 
cylindrical region with a plural ity of tuims and around the first end region with a 
further plurality of turns for generating g-radi e^nt magnetic fields axially along the 
noil . 

6. A gradient magnetic field coil assembly for a magnf^h.ir yp^gonanrp imaging 
apparatus, the gradient field coil assembly comprising: 

a central region of a first cross-section; 

a first end region adjacent a first end of the central region, the first end region 
having a second circumference that is larger than the first circumference; 

a set of four gradi ent windings for generating a magnetic field gradient component 
within the central region across a central axis thereof, at least two of the 
gradi ent windings being bunched noils which include arc segments extending along the 
central region and return paths extending along the first end region. 
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7. A gradient magnet^: field coil assembly for a magnf^^-ir ■r(^<:irir\^rinf^ imaging 
apparatus, the gradient field coil assembly conprising: 



a first region extending aroxind a longitudinal axis; 

a second region extending around the longitudinal cixis and being disposed adjacent 
at least one end of the first region, the second region being disposed further from 
the longitudinal axis than the first region; 

a se^t of gradif^nt. coil windings for generating a magnetic field gradi^nh across the 
longitudinal axis, the winding .set including at least first and second distributed 
rrn-i 1 windings each with its windings extending in generally a thumbprint pattern, 
the first and second distributed coiJL winding each having their thumbprint pattern 
disposed in part on the first region and in part on the second region. 

8. A gradient magnetic field coil assembly for a magnpt^ir rg>snrianrg> imaging 
apparatus, the gradient field coil assembly comprising: 

a central cylindrical region of a first, smaller circumference; 

an end region adjacent at least one end of the central region having a second, 
larger circumference, the second circumference being larger than the first 
circumference; 

the smaller circumference central cylindrical region and the larger circumferential 
end region both being circularly symmetric; 

a gradient coil for generating magnetic field gradients within the smaller 
circumferential central cylindrical portion, the gradient field coil having windings 
on both the smaller circumferential central cylindrical region and the larger 
circumferential end region. 

9. The gradients roil assembly as Sftt forth in claim 3 wherein the larger 
circumferential end region includes a flared portion which angles outward from the 
smaller diameter central region along an Qpg^n^ generally conical segment. 

10 . The gradif^nh roil assembly as ^^t^ forth in claim 3 wherein the larger 
circumferential end region includes a cylindrical portion. 

11. A magnehir regonanrp imaging system comprising: 

a primary magnetic field assembly for generating a temporally constcUit magnetic 
field through a central bore thereof; 

a whole body gradient coil assembly disposed around the central bore; 

a radio frequency coil assembly disposed around the central bore; 

a head coil removably mounted in the central bore, the head coil including: 

a plnr-al-i^y nf gradienti coil windings which extend around a first cylindrical 
portion of a first circumference and around at least a second portion of a second 
circumference, which second circumference is larger than the first circumference, 
the second circumference portion being mounted to a patient receiving end of the 
head gradienh roil^ and 

an RF coil winding disposed within at least the first cylindrical portion; 

a magrtphir Tpgonanrp excitation and reconstruction means for controlling the radio 
frequency and insertable gradient coils for inducing magT^P^^r! r-psonanrp within the 
first cylindrical portion and for receiving magnp^-ir! r-pgonanrp signals therefrom and 
for reconstructing the received magnphjr T-psonanre signals into an image 
representation . 

12. A magnetic reaonance imaging system comprising: 

a primary magnetic field assembly for generating a temporally constant magnetic 
field through a central bore thereof: 
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a whole body gradient" coil assembly disposed around the central bore; 

a radio frequency coil assembly disposed around the central bore; 

a head coil removably mounted in the central bore, and head coil including: 

a plurality of gradif^nt roil windings disposed on (i) a first cylindrical portion 
having first and second ends, (ii) a second portion connected to the first 
cylindrical portion first end and being flared outward to a larger circumference 
than the first cylindrical portion, and (iii) a third portion connected to the 
second end of the first cylindrical portion and being flared outward to a larger 
circumference than the first cylindrical portion, the gradient roil windings being 
disposed symmetrically on the first, second, and third portions such interactions of 
the temporally constant magnetic field and electric current pulses in the g^ad-if>nt 
roil winding induce no net torque on the head nn-il , and 

an RF coil winding disposed within at least the first cylindrical portion; 

a magnRtir! TfaHonanre excitation and reconstruction means for controlling the radio 
frequency and insertable gradient coils for inducing magnetic reaonanne within the 
first cylindrical portion and for receiving magnf^tir -rRgonannf^ signals therefrom and 
for reconstructing the received n1agnp>^^r! -rf^annange signals into an image 
representation. 

13 . The magnf^^-ir; rf^gonanrg^ imaging system as set forth in claim 11 wherein the 
gradiRnh coil windings of the head coil include cucial grad-i f>nt field windings which 
extend circumferentially around the first portion and the second portion with a 

pi u-ra lity of tums for generating gradient magnetic fields axially along the head 
gyadient coil . 

14 . The magn^tir resonance imaging system as set forth in claim 11 wherein the head 
gradient coil windings include at least four bunched roi 1 fi, at least two of the 
biinched coils each including arc segments extending circumferentially around the 
first portion and return paths extending along the second circumferential portion. 

15. A magnf^t-ir; r-p^gnnance imaging System con^rising: 

a primary magnetic field assembly for generating a tenporally constsuit magnetic 
field through a central bore thereof; 

a whole body gradient coil assembly disposed around the central bore; 
a radio frequency coil assembly disposed around the central bore; 

head gradient coil removably mounted in the central bore, the head coil including: 

at least four thumbprint pattern coil segments which extend at least in part aroimd 
a cylindrical first portion of a first circumference, at least two of the thumbprint 
pattern coil segments each extending in part over about one quadrant of the first 
portion and each extending in part over a second portion of a second circumference, 

which second circumference is larger than the first circumference, the second 
circumference portion being mounted toward a patient receiving end of the head 
gradient coil, and 

an RF coil winding disposed within at least the first cylindrical portion; 

a magnetic resonance excitation and reconstruction means for controlling the radio 
frequency and insertable gradient coils for inducing magneti c T^f^gnnancp within the 
first cylindrical portion and for receiving magnetic T-p>gr>nancfi signals therefrom and 
for reconstructing the received magneti c -rp^gnnance signals into an image 
representation . 

16 . The Tnagnf>tir rp>Ronancp> imaging System as set forth in claim 11 wherein the first 
portion and the second portion are both circularly symmetric. 

17 . The magnetic resonance imaging system as set forth in claim 11 wherein the 
second portion is flared outward from the first portion to define an np^n ^ generally 
conical segment. 



18. A grad-jpnh nnil fi^^ fnr a magnp>hir rA.gnnanrP^ imaging System, Mng> gi-aHif>nt- r?ni 1 
get- comprising: 

a gradient coil carrier including (i) a cylinder for defining an imaging region 
therein, the cylinder having a first end for receiving a patient and a second end 
and (ii) a flange attached to the first end; 

at least two current -carrying continuous paths, each path having a plurality of 
turns, with each turn being partially disposed on the cylinder and partially on the 

flange; 

a gradient coil power supply for supplying current pulses to the continuous paths 
for selectively creating a linear magnetic field gradient. 
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Abfi^,ra^!^-■ Tf>yf, (1) : 

A gradient coil assembly (22) generates substantially linear magnetic gradients 
across the central portion of an examination region (14) . The gradient coil assembly 
(22) includes primary x, y, and z-gradient coils (62, 66, 68) which generate a 
gradient magnetic field (90) having a non-zero first derivative in and adjacent the 
examination region. Preferably, the gradient <^Qil assembly (22) includes secondary, 
Rh-i Riding x, y, and z rnilg which generate a magnetic field which substantially 
cancels, in an area outside a region defined by the ah-if^lding rnilR, a fringe 
magnetic field generated by the primary gradient roilg . The existence of a non-zero 
first derivative in and adjacent the examination region eliminates aliasing effects 
attributable to the non-unique gradient field values on either side of a rollover 
point (82) . The non-unique values of the gradient magnetic field adjacent the 
rollover point caused structure near the rollover point to overlay each other (FIGS. 
7B, SB) . The unique non-linearity of the present gradient (90) adjacent the edges 
expands (magnifies) the image adjacent the edges (FIGS. 7A, 8A) . Because the 
expansion is unique, distortions at the edges are readily cuid accurately mapped (52) 
back to linear. 

Br-i<=>f finmmary Tf>yt (2) : 

The present invention relates to tihe^ magn^^tir r f>.Qnnanrg> arts. It finds particular 
application in conjiinction with gradient coils for a magnetir! -rf^gonannf* imaging 
apparatus and will be described with particular reference thereto. However, it is to 
be appreciated that the present invention will also find application in conjunction 
with 1 nnal -i gi^d magnf^^i n yf^gonannf* spectroscopy systems and Other applications which 
utilize gradient magnetic fields. 

Rrif>f fliirmnary Tf^yh ( 3 ) : 

In magnetic! resonance imaging, a uniform magnetic field is created through an 
examination region in which a subject to be examined is disposed. A series of radio 
frequency pulses and magnetic field gradients are applied to the examination region. 
Gradient fields are conventionally applied as a series of gradient pulses with 
pre-selected profiles. The radio frequency pulses excite Tnagng»^.^ r -riagnnanr^f* and the 
gradient field pulses phagp> and frequency encode the induced resonance. In this 
manner, phagf> and frequency encoded magnR^ir yp>gr>nanrg> signals are generated. 

Brief Summary Text (4) : 

More specifically, the gradient magnetic field pulses are typically applied to 
select and encode the magnetic resonance with spatial position. In some embodiments, 
the magnetic field gradients are applied to select a slice or slab to be imaged. 
Ideally, the phage or frequency encoding uniquely identifies spatial location. 

Rripf ciiimmary TP>yt (6) : 

Historically, grad-i^nh roil designs were developed in a "forward approach," whereby 
a get of initial coil positions were defined and the fields, energy, and inductance 
calculated- If these quantities were not within the particular design criteria, the 
coil positions were shifted (statistically or otherwise) and the results 
re-evaluated. This iterative procedure continued until a suitable design was 
obtained. 

Brief Summary Text (7) : 

Recently, gradient coils are designed using the "inverse approach," whereby gradient 
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fields are forced to ^fe:h predetermined values at spe^fced spatial locations 
inside the imaging volume. Then, a continuous current density is generated which is 
capable of producing such fields. This approach is adequate for designing 
nonrjshielded or actively shiftlded gradient coH fifita. 

Brief Summary Text (8) : 

Often, .qh-ifildpH g-raHif^nf roi l are designed such that their gradif^nt, magnetic 

field has an inherent rollover point along, but near the outer edge of its 
perspective gradip^nt. axis. That is, the first derivative of the gradient magnetic 
field is zero at a certain location along the gradient axis and inside the physical 
volume bounded by the inner surface of the gradient structure. The gradient magnetic 
field takes on non-unique values after passing the rollover point where the first 
derivative of the gradient magnetic field is zero. The rollover point may be in the 
center or near the edge of the bore, beyond where the subject is positioned. This 
design is problematic for an imaging sequence with a large field of view (FOV) in 
which portions of the subject are disposed between the rollover point and the bore. 
Areas of a subject that are located beyond the rollover point will alias back into 
the image, which causes ghosting and distortion of the image. A gradient deghosting 
and distortion algorithm is then implemented during postprocessing in order to 
compensate for distortions in the image. The gradient distortion algorithm, 
particularly when applied to all three gradient coils, extends the image 
postprocessing time and extends significantly the overall time of the magnetic 

T'P>gnnanr'P study. 

Brief Summary Text (9) : 

In addition, information in the raw data related to the voxels located beyond the 
rollover point cannot be recovered uniquely. Voxels on either side of the rollover 
point that experience the same gradient strength are encoded indistinguishably . This 
limits the maximum FOV of a given sequence and limits the range of trans lational 
movement for the examined subject inside the image volume. This problem is 
particularly apparent when imaging extremities, such as .qhonldfir, wrists, legs, and 
elbows, because typically these regions are located near the rollover point. 
Therefore, any attempt to move one side of an extremity near the isocenter of the 
imaging volume places the other side in the vicinity of the rollover point, which 
results in the aforementioned aliasing problems. 

Rr-iia-F Summary Tp>y^_ (10) : 

The present invention conten^lates a new and inproved gr'adif>n^- nnil g<^t: which 
overcomes the above -referenced problems and others. 

Ry-jpf finmmary Tf=^yh ( 12 ) : 

In accordance with one aspect of the present invention, a magnetic resonance imaging 
apparatus includes a main magnet for generating a main magnetic field through and 
surroiinding an examination region. A gradient coil assembly generates gradient 
magnetic fields across the examination region. The gradient magnetic fields have a 
non-zero first derivative in and adjacent the examination region. An EE transmitter 
and cini 1 assembly positioned adjacent the examination region excites magnetic 
r-PfiortanrA dipoles in and adjacent the examination region. An coil and receiver 
assembly receives and demodulates magnf^hir? T-f^gnnanr'A signals from the resonating 
dipoles. A reconstruction processor reconstructs the demodulated magnetic resonance 
signals into an image representation. 

Rrip^f Nummary Tp>y^ (13) : 

In accordance with another aspect of the present invention, a method of magnpt-i r 
rf^Ronanrf^ imaging includes inducing resonance in selected dipoles in an examination 
region such that the selected dipoles generate magnetic resonance signals. A 
gradient magnetic field is applied across the examination region to encode the 
magn^tir r-Rgrniannp* signals along at least one axis. The gradient magnetic field has 
a non-zero first derivative through and adjacent edges of the examination region. 
Further, the encoded magnf»^ir rg*gonanrg> signals are received and demodulated. 
Finally, the demodulated resonance signals are reconstructed into an image 
representation . 

Brief Summary Tf^yf (14) : 

In accordance with another aspect of the present invention, a method of designing a 
gradif>nh roil assembly for a magnet -ir resnnanre imaging system includes selecting 
radius and length values for a primary grad-i^nh coil fif^h and a secondary ghielding 
coil_afit. The method further includes generating a first continuous current 
distribution for the primary grad^P>n^ mil Re^t.. The first continuous current 
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distribution is conf inio within predetermined finite gSi^tric boundaries of a first 
surface defined above. The first continuous current distribution generates a 
gradient magnetic field across an examination region where the first derivative of 
the gradient magnetic field in and adjacent the examination region is non-zero. 
Further, a second continuous current distribution is generated for the secondary, 
ghiP>lrfTrig rnil set. The second continuous current distribution is confined within 
the predetermined finite geometric boundaries defined above. The first and second 
continuous current distributions generate a magnetic field which substantially 
cancels in an area outside the region defined by the secondary, .shielding coil set. 
Next, the primary g-raHif:>nh noil — set with the secondary, pthip^ldi rg r-o-n AP^t are 
optimized using an energy/ inductance minimization algorithm. Finally, the primary 
gr^ad^fin^, roil HF>t and g<=»r*nr>HarY, fihif^lHing roil gp>h are discretized. 

Ryi^f gnmmary Tf>yh (15) : 

In accordance with another aspect of the present invention, a gradient coil assembly 
for generating magnetic gradients across a main magnetic field of a magnetic 
•TP^.ctnnannR apparatus includes x and y-gradient coils which are configured to generate 
magnetic field gradients across an examination region along first and second 
orthogonal axes. The first derivative of the magnetic gradient field generated by 
the X and y-gradient coils is non-zero in and adjacent the examination region. A 
z -gradient coil generates magnetic field gradients along a third axis which is 
orthogonal to the first and second axes. The first derivative of the magnetic field 
- gradient generated by the z-gradient coil is non-zero in and adjacent the 
examination region. 

Brief Summary Text (16) : 

One advantage of the present invention is that it eliminates aliasing effects for 
magTiAf-ir rf^finnanrp^ sequences with large fields of view. 

Rr-iRf .qiimmary Tf>yt (18) : 

Another advantage of the present invention is that it reduces postprocessing time 

for a magng^hir ■rf^finnarLC!e image. 

Brief >Summary Text (19) : 

Another advantage of the present invention is that it reduces overall time for a 
magnetic resonance study. 

Dyawing Df^grript^inn Text (3) : 

FIG. 1 is a diagrammatic illustration of a magnf^^-i r; -rg^aonannf* imaging system in 
accordance with the present invention; 

Drawing Df^Rrri pti on Tf^yt (5) : 

FIG. 2B is a perspective view of a primary g-radiRnr no-il in accordance with the 

present invention; 

Drawing Df^Rrrl pM on Tc^yh (7) : 

FIG. 4 is a flow chart for designing a ghi g^ldf^ri gradient coil assembly with a 
non-zero first derivative of the gradient magnetic field in accordance with the 
present invention; 

Drawing Df^flnri pti on Tp^vt (8) : 

FIGS. 5A and 5B are diagrammatic illustrations of one quadrant of an exemplary 
primary x-gradient_CQil and secondary ghif>1Hing no-i 1 in accordance with the present 
invention; 

Drawing Desr;r1pt1nn Text (9) : 

FIGS. 6A and 6B are diagrammatic illustrations of one quadrant of an exemplary 
primary y-gradient-_coil and secondary gh-i folding roil in accordance with the present 
invention; 

Drawing Description Text (10) : 

FIG. 7A is a distortion grid for a transverse slice through the z=0.0 plane for an 
exemplary gradient coi 1 with no rollover point in accordance with the present 

invention; 

Drawing Description Text (11) : 

FIG. 7B is a distortion grid for a transverse slice through the z=0.0 plane for an 
exemplary gradiP*nt roil gg>i- with an inherent rollover point in accordance with the 
prior art; 
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Drawing Dftacription Tpyf (12) : 

FIG. 8A is a coronal distortion grid for an exemplary g-raH-if^n^ mil g<=*^ with no 
rollover point in accordance with the present invention; and 

DT-awing np>fif?r"i pt i nn TRvh (13) : 

FIG. 8B is a coronal distortion grid an exemplary g-raHii^n h nnil with an inherent 

rollover point in accordance with the prior art. 

DF^tailpd Pgasr-ription T^yt (2 ) : 

With reference to FIG. 1, a main magnetic field control 10 controls superconducting 
or resistive magnets 12 such that a substantially uniform, temporally constant main 
magnetic field is created along a z axis through an examination region 14. Although 
a bore-type magnet is illustrated in FIG. 1, it is to be appreciated that the 
present invention is equally applicable to open magnetic systems with wr^^ r-aily 
directed fields. A couch (not illustrated) suspends a subject to be examined within 
the examination region 14. A magn<:>^^^' y^gnnanrp^ echo means applies a series of radio 
frequency (RF) and magnetic field gradient pulses to invert or excite magnetic 
spins, induce magne^hir rpfionanng^, refocus magnet ir r-RFionanc!^, manipulate magnet- in 
reRonanrf^, spatially and otherwise encode the magneMc resonance, to saturate spins, 
and the like to generate magnetic resonance imaging and spectroscopy sequences. More 
specifically, gradient pulse amplifiers 2 0 apply current pulses to a gradient coil 
assembly 22 that includes pairs of primary gradient coil assemblies 22a and shield 
gradient coil assemblies 22b with no roll -over point to create magnetic field 
gradients along x, y, and z axes of the examination region 14 with zero or minimal 
fringe fields outside of the bore. A digital -radio f rp»qiif>nr?y transmitter 24 
^raTlfiTn^ t-« radio 'Frp>qii<:>nf7y pulses or pulse packets to a whole-body coi 1 26 to 
transmit_RE pulses into the examination region 14 . A typical radio f recjuency pulse 
is composed of a packet of immediately contiguous pulse segments of short duration 
which, taken together with each other and any applied gradients, achieve a selected 
magnet ir resonance manipulation. For whole-body applications, the resonance signals 
are commonly picked up by the whole-body RF coil 26, but may be picked up by other 
specialized &£_calla. 

np>tai1f>d nescriph-ion Tevt: (3) : 

For generating images of local regions of the subject, specialized radio f r^cpK^rtny 
rroilg are placed contiguous to the selected region. For example, an insertable RE 
COT 1 may be inserted surrounding a selected region at the isocenter of the bore. The 
insertable RF coi 1 is used to excite magnf^t-ic reaonancg^ and receive magne^^c 
resonance signals emitting from the patient in the region being examined. 
Alternatively, the insertaible RF coil can be used only to receive resonance signals 
introduced by whole-body RF coil transmissions. The resultant radio frequency 
signals are picked up by the whole-body RF coil 26, the insertable RF coil, or other 
specialized RF coi 1 s and demodulated by a receiver 30, preferably a digital 
receiver. 

Dfttflilftd Description Text (4) : 

A sequence control circuit 40 controls the gradient pulse amplifiers 20 and the 
treuismitter 24 to generate any of a plurality of multiple echo sequences such as 
echo plcuiar imaging, echo volume imaging, gradient and spin echo imaging, fast spin 
echo imaging, and the like. For the selected sequence, the receiver 30 receives a 
plurality of data lines in rapid succession following each RF excitation pulse. 
Ultimately, the radio frequency signals received are demodulated and reconstructed 
into an image representation by a reconstruction processor 50 which applies a 
two-dimensional Fourier transform or other appropriate reconstruction algorithm. The 
image is then stored in an image memory 54. As explained below, the resultant image 
adjacent its edges tends to be distorted (stretched or contracted) . An image 
linearity correction processor 52 corrects the non-linearity. For example, the 
gradient field distortion can be empirically measured (see below) and the image can 
be mapped with the inverse of the mapped field distortion. Other distortion 
correction algorithms, as are known in the art, can also be utilized. Optionally, 
the distortion correction can be made in Fourier space prior to reconstruction, 
incorporated into the reconstruction algorithm, or downstream from the image memory. 
A human- readable display 56, such as a video monitor, provides a human- readable 
display of the resultant image. The image may represent a planar slice through the 
patient, an array of parallel planar slices, a three-dimensional volume, or the 
like. 

Detailed Hescriphion Tevh (6) : 
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A primary z -gradient aPll is also constructed of a concWctive material, such as foil 
or wire. The primary z -gradient coil is preferably wound into groves in the inner 
former 60 and potted in an epoxy. The secondary gradient call assembly 22b also 
includes an outer dielectric former 70 of radius b. The secondary x, y, and z 
ghif>lding mils (not shown) are laminated into the cylindrical surface of the outer 
former 70 or on longitudinal rods, known as "combs," analogous to the primary 
gradient coils . These shif^lding coils are designed to cooperate with the primary 
gradient r?o-i 1 s to generate a magnetic field which has a substantially zero magnetic 
flux density outside an area defined by the outer former. 

Dphailf^d Description Text ( 7 ) : 

With reference to FIG. 3, prior art grad-it^nt- r;oi 1 g typically are designed such 

that their grad-i ent magnetic field profile 80 has an inherent rollover point 82 
along, but near the edge of its respective axis, as shown. At the rollover point, 
the first derivative of the gradient magnetic field is zero. After passing the 
rollover point, where the first derivative is zero, the gradient field takes on 
non-unique values, i.e., assumes identical values to the gradient field on both 
sides of the rollover point. This leads to aliasing. When portions of the subject 
are disposed between the rollover point and the bore, areas of the subject that are 
located beyond the rollover point will alias back into the image, which causes 
ghosting of the image. Signals from two planes near the edge that are subject to the 
same gradient field strength are indistinguishable and are combined. In this manner, 
a ghost of the material beyond the rollover point is folded back on the material 
inside the rollover point. 

ni=>tai1f>d Df»gr!r•^p^,^on TF>yt- (9) : 

The theoretical development, the design procedure and the numerical results for an 
exemplary shielded gradient £mLl with no rollover point of the gradient magnetic 
field along its perspective axis and inside the physical boundaries defined by the 
inner surface of the gradient tube is now discussed. Specifically, the theoretical 
development, the design, and the results of a gradient coil where the z component of 
the magnetic field varies linearly along the transverse direction (x, y-gradient 
coil) , as well as, the axial gradient coil (z -gradient coil) will be presented. The 
x-gradient coil will be presented in its entirety as a representative for the 
transverse coils. 

Det-a-iled negr;•rip^inn Tey^ (10) : 

The flow chart for designing such a gradient coil structure is shown in FIG. 4. 
Initially, a geometric configurations of the primary gradig^nt coil step 100 setia the 
primary coil configuration and a secondary shielding coil configuration step 102 
sets the secondary r.ni 1 configuration. Namely, radius and length for each coil set 
are chosen. Next, an energy/ inductance minimization step 104 optimizes the primary 
gr-adient roil set . As a result of the minimization process 104, a first continuous 
current distribution generation step 106 generates the current distribution for the 
primary gr-adient roil set . The first continuous current distribution is confined to 
the geometric boundaries defined in step 100. The first current distribution is 
selected such that it generates a magnetic gradient field across the examination 
region where the first derivative of the gradient magnetic field in and around the 
examination region is non-zero. Following this step, a second continuous current 
distribution selection step 108 generates the current distribution for the 
secondary, ghieid-ing nni 1 set such that the second continuous current distribution 
is confined to the geometric boundaries defined in step 102. The second continuous 
current distribution generates a magnetic field which, when combined with the 
magnetic field from the first current distribution, generates a substantially zero 
fringe magnetic field outside the secondary coil. 

Detailed Description Text (11) ; 

Further, in a current discretization step 110, the continuous current distribution 
of the primar y gradient coil set and the secondary, shielding mil set are 
discretized to generate the number of turns which is required for each coil within 
each roi 1 set - Optionally, a verifying step 112 applies the Biot-Savart law to the 
discrete current pattern to verify its validity. Finally, in a measuring and mapping 
step 114, non-linearities present in the gradient magnetic field near the edges of 
the examination region are measured and mapped back in order to correct the image 
near the edges. 

Detailed Description Text (13) : 

The design of a finite, shielded transverse x-gradient coi 1 involves the design of 
the primary coil (the coil closest to the subject) based on the inverse approach 
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methodology. For the SBmplary transverse coil the gracHRit magnetic field is 
anti- symmetric in the x direction around the geometric center of the coil, while it 
is symmetric along the y and z directions. To generate such a field, the analytical 
expression of the current for the primary coil Ja(r) can be written as: 

Detailed Description Text (16) : 

In order minimize the fringe field of the primary cni 1 in the area which is outside 
both the primary and thf^ gbif^lHing nnila, the Fourier transform of the current for 
the ghif>ldiTig roil satisfies the following relationship: ##EQU2## 

Dpha-ilpd Dfifinr-i p^ i nn Tf^vf- (28) : 

Inverting the previous matrix equation, a solution for j . sup. a. sub. .phi .n, and hence 
for the current density, is obtained. When the continuous current distribution for 
both the primary and gh-if^lri rn-ilg is evaluated, the stream function technique is 
used to discretize the current density for both primary and gh-iRld coils in such a 
way that the absolute integer number of turns is obtained for both noil a for a given 
common current value per loop. The discretization and the magnetic gradient field 
inside the desired imaging volume are then calculated proceeding with steps 6 
through 8 of FIG. 4. 

Detailed Description Text (29) : 

For the design of the exemplary primary y-gradipnt. nni 1 , the radius of the cylinder 
for the primar y coil is sg*t equal to 0.3438500 m and its total length is restricted 
to 1.066400 m. In addition, the radius of the secondary coil is equal to 0.435224 m. 
The constraints for the design of the primary coil are shown in Table 1. The 
constraints for the primary y-gradient coil are shown in Table 2. 

D^hailf^d Df>fir•rip^^^ on Tf^yf (30) : 

As shown in Table 1, the first constraint point defines a gradient strength for the 
first primary and single shield coil to be 27.0 mT/m, the second constraint point 
specifies a +0.1% linearity of the gradient field along the gradient (x) axis and up 
to the distance of 23.0 cm for the isocenter of the gradient field, while the third 
constraint point specifies a -20% uniformity of the gradient field inside the 40 cm 
imaging volume. 

Detailed Description Text (31) : 

For the exemplary y-giradi^nt shielded ro-i 1 , the radius of the primary coil is a 
=0.336040 m with a length of 1.0534 m, while the radius of the secondary coil is 
b=0. 431414 m. As shown in Table 2, the first constraint point defines a gradient 
strength to be 27.0 mT/m, the second constraint point specifies a +10% linearity of 
the gradient field along the gradient (x) axis and up to the distance of 26.5 cm for 
the isocenter of the gradient field, while the third constraint point specifies a " ' 
-20% uniformity of the gradient field inside the 40 cm imaging volume. 

Detailed Descriph-i on Teyl- (32) : 

With the presence of these constraints on Tables 1 and 2 , and the application of the 
inverse approach methodology of FIG. 4, the values for the Fourier coefficients for 
the current density of the shielded x and y-gradient coils are generated. Applying 
the Stream Function technique to the continuous current densities for both 
transverse shielded ro-i is, the discrete current patterns for these coils were 
generated. Specifically, the x-gradient coil, the Stream Function technique 
generates 23 discrete loops on one quadrant of the primary coil, as shown in FIGS. 
5A and 11 loops on one quadrant of the single shield, as shown in FIG. 5B. The 
common current per loop is 376.99 amps. In this case, the eddy current from the 
discrete coil configuration is 0.245% over a 50 cm DSV. 

Detailed Description Text (33) : 

By discretizing the current density for the y-gradient coi 1 , the current density for 
one quadrant of the exemplary primary coil is approximated by 23 loops with a common 
current of 375.11 amps, as shown in FIG. 6A, while the one quadrant of the shielding 
coil can be approximated by 10 loops carrying the same current per loop (FIG. 63) . 
For the y-gradient coil, the eddy currents are only 0.257%. Employing the 
Biot-Savart law to the discrete current densities for both the x- and y_shielded 
gradient coi 1 s, the gradient magnetic field for both of these co-i 1 s is evaluated 
along the perspective gradient axis and at the z=0.0 plane. The behavior of the 
gradient magnetic field for the x-gradient coil again is substantially as 
illustrated in FIG. 3. 

neta-iled nesr-ri pt i on Tey^ (34) : 
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The behavior of the gCTroient magnetic field for the y-^HPdient coil is substantially 
as shown in FIG. 3. Table 3 illustrates the magnetic properties for the x and y 
gh-if:>iriP>H gradient_CQilfi in more specific detail with a single shield. 



r>f>haTlP>^ npgrriphinn Tpy^ (35) : 

Initially, the design of the finite gbip>iHp>ri axial z-gradient rni 1 involves the 
design of the primary roil (thf^ nni^ that is closest to the subject) based on the 
inverse approach methodology. For z -gradient coil, the gradient magnetic field is 
anti- symmetric in the z direction around the geometric center of the coil, while it 
is symmetric along the x and y directions. Thus, in this case there is no azimuthal 
dependance on the current density. To generate such a field, the analytical 
expression of the current for the primary coil J. sup. a (r) can be written as: 

nf>ha-i1f>ri Df^gcr iptinn Tf>yt (38) : 

In order to minimize the fringe field of the primary coil in the area which is 
outside both the primary and the fihig>lding gqII, the Fourier transform of the 
current for the Rh-iplding r-o-i 1 satisfies the following relationship: ##EQU10## 

npt-a-ilpd DRfirription Tf^yt (50) : 

Inverting the previous matrix equation, a solution for j . sup . a . sub. .phi . n, and hence 
for the current density, is obtained. When the continuous current distribution for 
both the primary an d flhi^ld goil s J.sup.a, J.sup.b is evaluated, the application of 
the center of mass technique yields the discrete loop patterns for both primary and 
gb-jpilH rn-n.ct with the extra constraint that the aJDSolute integer number of turns for 
both nni 1 g for a given common current value per loop is obtained. The discretization 
eind the magnetic gradient field inside the desired imaging volume are then 
calculated proceeding with steps 6 through 8 of FIG. 4. 

Detailed Description Text (52) : 

As shown in Table 4, the first constraint point defines a gradient strength for the 
primary and ghif^ld rni 1 to be 25.0 mT/m, the second constraint point specifies a 
+10% linearity of the gradient field along the gradient (z) axis and up to the 
distance of 26.5 cm for the isocenter of the gradient field, while the rest of the 
constraint points specify the xiniformity of the gradient field inside the 45 cm 
imaging volume. 

nf>^a-i1P*d np*gr-r-ipt-inn Tpvh (53) : 

With the presence of these constraints on Table 4 and the application of the inverse 
approach methodology of FIG. 4, the values for the Fourier coefficients for the 
current density of the shig^lded z -gradient <^oil are generated. Applying the center 
of mass technique to the continuous current densities for both the primary coil — and 

flh-i folding roil, the discrete current patterns for these coils were generated. 
Specifically, for the preferred first primary and the shield configuration, the 
center of mass technique generates 60 discrete loops on the primary coil and 30 
loops on the single shield. The common current per loop is 347.388 amps. In this 
case, the eddy current from the discrete coil configuration is 0.19% over a 50 cm 
DSV. Table 5 illustrates the magnetic properties of the ah-if^ldf^d x-gradient coil . 

Dptailf^d Df^grriptinn Text (58) : 

The present invention is applicable to other alternative g-radient coil geometries, 
such as e^lliptiral , planar, flared, etc., as well as the asymmetric gradient coil 
designs or any combination thereof . The present invention is also applicable to the 
design of gradient coil structures suitable for vf^rtigal Ty oriented or npen magnet 
systems. Further, the disclosed primary and screen coil set can be bunched 
(concentrated) or thumbprint designs generated using forward or inverse approach 
methods. In addition, the primary and the ghiPid nn-il h can have any possible mixing 
of bunched and/or thumbprint designs. It is contemplated that zero net thrust force 
or torque can be incorporated into the proposed design algorithm in a known manner. 

Detailed Description Paragraph Table (3) : 

TABLE 3 Gradient field characteristics for the ghT<=>ld x and y-gradient rrn' 1 g 
Properties x-gradient coil y-gradient coil Gradient Strength 27 27 (mT/m) Gradient 
Linearity 0.8% 7.8% (.rho. = .+-.22.5 Cm) Gradient Uniformity -20% -20% (z = 
.+-.20.0 Cm) Rise Time @ 700V 465 .mu.sec Slew Rate @ 700V 60 T/m/sec 61 T/m/sec % 
Eddy Current on 0.245% 0.257% 50 cm DSV 

CLAIMS : 

1. A magnp>ti n yp>.Qr>nanrp> imaging apparatus comprising: 
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a main magnet for generating a main magnetic field through and surrounding an 
examination region; 

a gradient coil assembly for generating gradient magnetic fields across the 
examination region, which gradient magnetic fields have a non-zero first derivative 
in and adjacent the examination region, the gradient coil assembly including: 

a primary graH^fi^^ mil .gp^h disposed adjacent the examination region, said primary 
gradient- rnil sf^h including an array of conductive loops for generating the gradient 
magnetic fields along three orthogonal axes; 

a secondary shielding mil set disposed between the primary mil assembly and the 
main magnet, said secondary abiP^lHing mil set including an array of conductive 
loops such that a current density flowing thereon causes a magnetic flux density 
which interacts with a magnetic flux density generated by the primary magnetic field 
to substantially zero a net magnetization flux density outside an area defined by 
the secondary ahieldj ng mil set; 

an RE transmitter and mil assembly positioned adjacent the examination region such 
that it excites magnet-i r^ resnnanre dipoles in and adjacent the examination region; 

an RF mil and receiver assembly which receives and demodulates magng»tif! regonanne 
signals from the resonating dipoles; and 

a reconstruction processor for reconstructing the demodulated magnet jr; rRsnnannf* 
signals into an image representation. 

2. The magnehirr reRonanre imaging apparatus according to claim 1, wherein primary 
gradient mil aet and secondary shielding mil set are arranged on formers. 

3 . The magnet: in reaonanre imaging apparatus according to claim 2 , wherein the 
formers are hollow cylindrical tubes arranged such that the examination region is 
defined inside the former of the primary gradient mil get with the former of the 
primary gradient-, mil get, positioned inside the former of the secondary, shielding 

mi 1 get- . 

4. A magnetic regonange imaging apparatus con^rising: 

a main magnet for generating a main magnetic field through and surrounding an 

examination region; 

a gradient coil assembly for generating gradient magnetic fields across the 
examination region, a gradient magnetic field generated along at least one aixis 
having (i) a sxibstantially constant slope along a central region of the examination 
region and (ii) an increasingly step slope adjacent edges of the examination region; 

an RE transmitter and nn±l assembly positioned adjacent the examination region such 
that it excites magnet ic regonanre dipoles in and adjacent the examination region; 

an RF mil and receiver assembly which receives and demodulates magnetic resonance 
signals from the resonating dipoles; 

a reconstruction processor for reconstructing the demodulated magnetic resonance 
signals into an image representation; and 

a linearity correction processor which adjusts at least one of the demodulated 
resonance signals and the image representation to correct for distortion 
attributable to the increasingly steep slope of the gradient magnetic field adjacent 
edges of the examination region. 

5. A magnetic resonance imaging apparatus comprising: 

a main magnet for generating a main magnetic field through and surrounding an 
examination region; 

a gradient coil assembly for generating gradient magnetic fields across the 
examination region, the gradient coil assembly including: 
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three primary gr-adif^n h mil gpt-g, one for generating a gradi magnetic field along 
each of three orthogonal axes, each of the primary graHiP>n h ^n^^ fiF>^.c; generating a 
corresponding gradient- magnetic field which is linear adjacent a central region of 
the examination region and monotonically increasing adjacent edges of the 
examination region; 

an EE transmitter and noil assembly positioned adjacent the examination region such 
that it excites magnf^tir r-p>gnnanr;e dipoles in and adjacent the examination region; 

an PF nni 1 and receiver assembly which receives and demodulates magnf>i--i r> r-f^gnnanf?p^ 
signals from the resonating dipoles; and 

a reconstruction processor for reconstructing the demodulated magnp*ti n r-fr^gonannf* 
signals into an image representation. 

6. The magng>tir rf^sonancf* imaging apparatus according to claim 5, further including 
a secondary nn±l disposed around the primary grad-if^nt roil sRhfi, the primary 
gradig>nt coil gg^ts and the secondary r?o-i 1 cooperating to generate the magnetic field 
gradientfi in the examination region and to minimize magnetic field g-rad-iRnts outside 
of the examination region. 

7. A method of .magnp>ric; -rRRonanrfi imaging comprising: 

inducing resonance in selected dipoles in an examination region such that the 
selected dipoles generate magnet j r? -rg^gnnanre signals; 

applying a gradient magnetic field along three orthogonal axes across the 
examination region to encode the magriRhir rf>gonanrp> signals, a first derivative of 
the gradient magnetic field being non-zero throughout the examination region, such 
that the gradient magnetic field along each axis is unique in and adjacent edges of 
the examination region; 

receiving and demodulating the encoded resonance signals; 

reconstructing the demodulated resonance signals into an image representation. 

8. A magnetir? -regonanrf* imaging method comprising: 

inducing resonance in selected dipoles in an examination region such that the 
selected dipoles generate magng^tic rRaonannR signals; 

applying a gradient magnetic field across the examination region to encode the 
magnetic resonance signals along at least one axis, the gradient magnetic field (i) 
having a non-zero first derivative through the examination region, (ii) being 
substantially linear across a central region of the examination region, and (iii) 
changing strength monotonically adjacent edges of the examination region; 

receiving and demodulating the encoded resonance signals; 

reconstructing the demodulated resonance signals into an image representation. 

9. A magnf^^if! rp>fionanf;f> imaging method comprising: 

inducing resonance in selected dipoles in an examination region such that the 
selected dipoles generate magnet ir; rg^gon^nr?f^ signals; 

applying a gradient magnetic field across the examination region to encode the 
magnetic resonance signals along at least one axis, the gradient magnetic field 
having (i) a substantially constant slope across the central region of the 
examination region and (ii) a continuously increasing slope adjacent an edge of the 
examination region; 

receiving and demodulating the encoded resonance signals; 

reconstructing the demodulated resonance signals into an image representation; and 

adjusting one of (i) the demodulated resonance signals and (ii) the reconstructed 
image representation to correct for distortions attributable to the continuously 
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• * increasing slope of tH^gradient magnetic field adjace^W:he edge of the examination 
region. 



10. A method of designing a gradient coil assembly for Tnagnf^hTr" -r^Qonanria imaging 
systems, the method comprising: 

(a) selecting radius and length for a primary g-raHiP>n^ ro-il gi^i- and radius and 
length for a secondary, Rhip.lding roil set; 

(b) generating a first continuous current distribution for the p-r-ima-ry graH-jf^nt coil 
aet such that the first continuous current distribution is confined within 
predetermined finite geometric boundaries of a first surface defined in step (a) , 
said first continuous current distribution generating a^_graLdient magnetic field 
across an examination region whose first derivative in and adjacent the examination 
region is non-zero; 

(c) generating a second continuous current distribution for the secondary, shi elding 
mil set such that the second continuous current distribution is confined within the 
predetermined finite geometric boxindaries defined in step (a) , the first and second 
continuous current distributions generating a magnetic field which substantially 
cancels in an area outside a region defined by the secondary, shi Riding coil set; 

(d) -optimizing the primary gradient coil set with the secondary, flhielding roil set 
utilizing an energy/ inductance minimization algorithm; and 

(e) discretizing the primary gradif^nh mil gf>t-. and the secondary, _shifilding_CQil 

11. The method according to claim 10, wherein the method further comprises: 

(f) applying the Biot-Savart law to the discrete current pattern to verify its 
validity; and 

(g) measuring and mapping non-linearities present in one of (i) the gradient 
magnetic field near edges of the examination region and (ii) edges of_jiiagnelJ>c 
-rp>firtnanf?<:> images of a subject extending substantially to the edges of the 
examination region in order to generate a correction map. 

12. A ghig>ldf>d gradient coil assembly designed by the method of claim 12. 

13. A gradient coil assembly for generating magnetic gradients across a main 
magnetic field of a magnf^^ir; -rf^gnnanrf* apparatus, the gradient coil assembly 

comprising : 

X and y-gradient coils configured to generate magnetic field gradients across an 
examination region along first and second orthogonal axes, a first derivative of the 
magnetic gradient field generated by the x and y-gradient coils in and adjacent the 
examination region being non-zero; and 

a z -gradient coil for generating magnetic field gradients along a third cucis 
orthogonal to the first and second axes, a first derivative of the magnetic field 
gradient generated by the z -gradient coil in and adjacent the examination region 
being non-zero. 

16. A magng>tic r<^gnnanc!p> imaging apparatus comprising: 

a main magnet for generating a main magnetic field through and surrounding an 
examination region; 

a gradient coil assembly for generating gradient magnetic fields along three 
orthogonal axes across the examination region, a first derivative of the gradient 
magnetic fields generated by the gradient coil assembly being non-zero in and 
adjacent the examination region; 

an RE transmitter and nnil assembly positioned adjacent the examination region such 
that it excites magnet-ir; rpsnnanrg* dipoles in and adjacent the examination region; 

an RF roil and receiver assembly which receives and demodulates magng>tir! resonanr;f> 
signals from the resonating dipoles; and 
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a reconstruction processor for reconstructing the demodulated inagn<=*h-i r yp^gnnanrf^ 
signals into an image representation. 

17. The magnf^h-ir rf^gnnannf* imaging apparatus according to claim 16, wherein the 
gradient magnetic field generating along at least one axis has (i) a substantially 
constant slope along a central region of the examination region and (ii) cui 
increasingly steep slope adjacent edges of the examination region. 
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LIO: Entry 7 of 10 



File: USPT 



Jan 13, 1998 



DOCUMENT- IDENTIFIER: US 5708360 A 

TITLE: Active ahield gradient coll for nuclear magnRt-ir -rRKonanrp* imaging apparatus 



Abstract Text (1) : 

An active ghig^ld gradient mil for a nuclear magneti c TF^gnnannR imaging, formed by a 
primary <:^Qil having a fingerprint shaped current distribution formed on an inner 
cylinder in which at least a part of current return lines is cut out, a gb-if^ld mil 
having a current distribution formed on an outer cylinder, and a bridging connection 
member for connecting cut out part of the current return lines of the primary coll. 
w-it-h thg> shield coil, in which the current distribution of the ffh-tf^ld roil is a 
composition of a first shield pattern for cancelling out a magnetic field produced 
by the primary cini 1 outside the outer cylinder and a second Rhif*ld pattern for 
cancelling out a magnetic field produced by the bridging connection member outside 
the outer cylinder. The current distribution of the primary coil can have turn back 
current paths for leading the cut out part of the current return lines on one end of 
the gradient coil to another end of the gradient coil. 

finnrniaT-y Tf>y1- (3)-: 

The present invention relates to a nuclear magnf^tir regonanne imaging apparatus, and 
more particularly, to a gradient coil for ^generating a gradient magnetic field in a 
nuclear ^nagnp^^^? T-f>gonanr!f> imaging apparatus- 

Rrlfif Summary Te.xt (5) : 

In recent years, among various types of medical diagnostic apparatuses developed, 
the nuclear magnet in resonance imaging ( MRi ) apparatus has been studied and 
developed very actively. 

Brief Summary Text (6) : 

As well known, the nuclear magneti f" -reptnnanre imaging is a method for imaging 
microscopic chemical amd physical information of matters by utilizing the nuclear 
magnet i r? yf>fionanrf> phenomenon in which the energy of a radio frequency magnetic 
field rotating at a specific frequency can be resonantly absorbed by a group of 
nuclear spins having unic[ue magnetic moments which are placed in a homogeneous 
static magnetic field. 

Brief Summary Text (7) : 

This nuclear magnet ir reaonanre imaging has attracted much attention because of its 
capability for imaging not just physical shape information of a living body at high 
contrast, but also various other types of functional information such as blood flow 
information, microscopic magnetic field inhomogeneity information, a diffusion 
information, and chemical shift information. 

Brief Summary Tevt (g) : 

In an mrt apparatus for carrying out such a nuclear magne^in r-egnnanne imaging, 
depending on a type of an imaging pulse sequence to be used, numerous different 
manners of switching of the gradient magnetic fields to be superposed onto the 
static magnetic field will be required. 

Brief Summary Text (9) : 

Examples of the conventionally known imaging pulse sequence to be used in the 
nuclear magnet in -regonanre imaging include the usual imaging sequence such as the 
spin echo sequence and the field echo sequence, the high speed or ultra high speed 
imaging sequence such as the high speed spin echo sec[uence, the high speed field 
echo sequence, and the echo planar secjuence, and the nuclear Tnagnet-ir regonanre 
angiography sequence for obtaining a distribution or a speed of blood flow in blood 
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vessels. 



R-rif^f finmmaTY Tf>y^ (10) : 

Each of these imaging pulse sequences is associated with a characteristic manner of 
switching of the gradient magnetic fields, and such a switching of the gradient 
magnetic fields is known to generate eddy currents on thermal shields and a helium 
container of the superconducting magnet. These eddy currents can affect temporal and 
spatial characteristics of the gradient magnetic fields to cause a serious 
degradation of the image quality in the nuclear magng>f -irr T-p^gnnanrp^ images to be 
obtained such as blurring. 

RT-if>f finmmary Tf>yf, (11) : 

In order to avoid this problem, there has been a proposition of the so called active 
ghig>ld gradient rn±i (aSGC) . This ASGC is a nn±l in coaucial double cylinder shape 
which comprises a primary roil for generating the gradient magnetic field in an 
interior region by means of current distribution on a cylindrical surface, and a 
fihiplH roil for effectively cancelling out a leaking magnetic field from the primary 
roil at an exterior region by means of current distribution of a cylindrical surface 
enclosing the primary coil. 

'BrTi=>f Summary Text: (12) : 

FIG. 1 shows a typical f^h-ip^ld pattern for the ASGC proposed by Roemer et al. The 
ASGC generates the gradient magnetic field in a direction perpendicular to that of 
the static magnetic field, so that the primary no-iT and thp^ fih-lp>1fi roil have spiral 
shaped current distributions, and each of the primary ooil and ^hf> shield coil has a 
current portion for currents generating a desired gradient magnetic field (referred 
hereafter as a gradient field generating current) and a current portion for currents 
to be simply returned (referred hereafter as a current return) . 

Br-jRf Summary Tf^yh (14) : 

As a solution to this problem, there are conventional propositions for the gradient 
coil (to be referred hereafter as a simple cutting gradient coil) in which a part or 
a whole of the current returns of the ASGC is simply cut out and then joined, as 
disclosed in Japanese Patent Application Laid Opp^n No. 4-144543 (1992) and Wong, 
Hyde: 11th Annual Meetings of Society of Magnphir Resonanog^ in Medicine, 1992, p. 
711. These propositions were aiming at a realization of a high speed gradient 
magnetic field switching characteristic (or large gradient magnetic field strength) 
by the reduction of the inductance and the resistance due to the cutting of a part 
of the current returns. 

Rri^f Summary Tf^yt, (15) : 

However, this approach has a problem that the gradient magnetic field linearity (or 
imaging field of view) and the leaking magnetic field ghif^lding power are 
considerably degraded because of the simple cutting of the primary roil and the 
shield ro-i 1 and the presence of connection wirings between the primary ro-i 1 and thR 
fih-iRld oo-i 1 , For this reason, the tolerable amount of cutting is limited to a very 
small amoxint, and consequently the reduction of the inductance auid the resistance is 
also limited to a very small level. 

Rr-jpf flnmmary Tf>yh (18) : 

As a solution to these problems, there is a conventional proposition for an 
asymmetric gradient coil in which the current turns on one side in an axial 
direction of one coil are turned back to the current turns on another side. FIG. 2 
shows a configuration of the gradient coil for a transverse direction proposed by 
Roemer, as disclosed in Japanese Patent Application Laid Open No. 5-269099 (1993) . 
In this asymmetric gradient coil, a rate of the imaging field of view with respect 
to an axial length . becomes large, and it becomes possible to obtain a sufficient 
imaging field of view even in a case in which an axial length of a coil is limited. 

Rrif^f finmmary Tf>yh (20) : 

As a method for cancelling this torque, there are propositions for the asymmetric 
gradient coil in which additional current returns for cancellation purpose are 
incorporated, by AbdulJalil et al. and also by Petrapoulas et al . , both in 12th 
Annual Meetings of Society of Magnet^ir ResonanoR in Medicine, 1993. In FIG. 3, this 
type of the asymmetric gradient coil as proposed by Abduljalil et al. is shown. 
However, this approach has a problem in that the inductance is even more increased 
due to the additional current returns. 

Rr-ief .qiimmary Tp>y^ (26) : 
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tt is another object the present invention to provdS^a nuclear magnf^^.ic 
T-^.qnnanrg* imaging apparatus incorporating the above noted gradient coil. 



Rr-iP^f fii immaTY Tf>yt- (27) : 

According to one aspect of the present invention there is provided a gradient coil 
for a nuclear magnf^t-ir r-Rgnnanrp> imaging, comprising: a primary coil having a 
fingerprint shaped current distribution formed on an inner cylinder in which at 
least a part of current return lines is cut out; a shig^ld noil having a current 
distribution formed on an outer cylinder; and a bridging connection member for 
connecting cut out part of the current return lines of the primary roil wi th i-hp 
shield coil ; wherein the current distribution of the ship^ld rnil is a composition of 
a first Hhi Rid pattern for cancelling out a magnetic field produced by the primary 
nni 1 outside the outer cylinder and a second sh-j^ld pattern for cancelling out a 
magnetic field produced by the bridging connection member outside the outer 
cylinder. 

R-r-jpf fiummary Tp>yh (28) : 

According to another aspect of the present invention there is provided a gradient 
roil for a nuclear magnetio resonance imaging, comprising: a primary ooil having a 
fingerprint shaped current distribution formed on an inner cylinder in which at 
least a part of current return lines is cut out, and turn back current paths for 
leading the cut out part of the current return lines on one end of the gradient cnil 
to another end of the gradient noil; and a ah-ipiH foil having a current distribution 
formed on an outer cylinder for cancelling out a magnetic field produced by the 
primary coil outside the outer cylinder. 

Rr"ip»f .qiinmiary Tp>yh (29) : 

According to another aspect of the present invention there is provided a nuclear 
magnetir resonance imaging apparatus, comprising: a gradient roil including: a 
primary coil having a fingerprint shaped current distribution formed on an inner 
cylinder in which at least a part of current return lines is cut out; a shield coil 
having a current distribution formed on an outer cylinder; and a bridging connection 
member for connecting cut out part of the current return lines of the primary coil 
with the shield oo-i 1 ; wherein the current distribution of the shield coil is a 
composition of a first shield pattern for cancelling out a magnetic field produced 
by the primary cn±l outside the outer cylinder and a second shield pattern for 
cancelling out a magnetic field produced by the bridging connection member outside 
the outer cylinder; and imaging means for imaging a body to be examined placed in a 
homogeneous static magnetic field by applying radio frequency magnetic field onto 
the body to be examined and operating the gradient coil to apply gradient magnetic 
fields onto the body to be examined according to a pulse sequence, detecting nuclear 
magnetic resonance signals emitted from the body to be examined in response to the 
radio frequency magnetic field and the gradient magnetic fields, and processing the 
nuclea r magnetic reso nance signals tO construct nuclear magnetic resonance images. 

Rrief flnmrnary Text, (30) : 

According to another aspect of the present invention there is provided a nuclear 
magnetic resonance imaging apparatus, comprising: a gradient coil including: a 
primary cn±l having a fingerprint shaped current distribution formed on an iimer 
cylinder in which at least a part of current return lines is cut out and turn back 
current paths for leading the cut out part of the current return lines on one end of 
the gradient coil to another end of the gradient coil; and; a shield roil having a 
current distribution formed on an outer cylinder for cancelling out a magnetic field 
produced by the primary roil outside the outer cylinder; and imaging means for 
imaging a body to be examined placed in a homogeneous static magnetic field by 
applying radio frequency magnetic field onto the body to be examined and operating 
the gradient roi 1 to apply gradient magnetic fields onto the body to be examined 
according to a pulse sequence, detecting nuclear magnetic resonance signals emitted 
from the body to be examined in response to the radio frequency magnetic field and 
the gradient magnetic fields, and processing the nuclear magnetic resonance signals 
to construct nuclear magnet i c resonance images. 

Drawin g Description Text (6) : 

FIG. 4 is a block diagram of a nuclear magnetic resonance imaging apparatus suitable 
for using a gradient coil according to the present invention. 

Drawing Description Text (23) : 

FIG. 18B is a development of a_cQil pattern for a shield coil in the fourth 
embodiment of the gradient roi i according to the present invention. 
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n-rawing r)f=^firri pti on Tf^xt, (25) : 

FIG. 19B is a development of a nnil pattern for a shield cn1 1 in the fifth 
embodiment of the gradient coil according to the present invention. 

n-rawing Dpgrri phi nn Tf>yt (28) : 

FIG. 2 IB is a development of a roil pattern for a shield roil in the sixth 
embodiment of the gradient noil according to the present invention. 

DF'hailf^d Descriptinn Text (2) : 

Now, with references to the drawings, various embodiment of a gradient coil for a 
nuclear magnRt-ir r-f^Rnnanrp^ imaging apparatus according to the present invention will 
be described in detail. 

n<=>^a^^f>d Df^finyipl-inTi Text (3) : 

First, for all the embodiments of the gradient coil to be described in detail below, 
a suitable nuclear magnetic resonance imaging apparatus has a configuration as shown 
in FIG. 4. 

Dp^tai1f»d Df^Rrript -j on TRyh (4 ) : 

This nuclear magnp>h-ir! rRfionannR imaging apparatus of FIG. 4 comprises: a main magnet 
101 for generating a static magnetic field; a main magnet power source 102 for 
driving the main magnet 101; primary gradient r?nj is 103 for generating gradient 
magnetic fields; gb-ip»lrf nnilg 104 provided around the primary gradient coils 103; a 
gradient nn±\ power source 105 for driving the primary gradient gnila 103 and the 
shiRld coilg 104; an eddy current condensation circuit 107 for adjusting inputs to 
the gradient rr^i 1 power source 105 so as to compensate the effect due to the eddy 
currents; shim coils 108 for adjusting the homogeneity of the static magnetic field; 
shim noil power source 109 for driving the shim_CQila 108; a probe 111 for applying 
radio frequency (RF) pulses to a body to be examined 106 and receiving nuclear 
magnf^tic resonance (NMR ) signals from the body to be examined 106; an RF sh-t folding 
112 provided between the primary gradient coils 103 and the probe 111; a transmitter 
unit 110 for driving the probe 111 to transmit the desired RF pulses; and a receiver 
unit 113 for detecting the NMR signals received by the probe 111. 

np>hai1f>H npsr-r-ip^-ion T^vt (5) : 

In addition, this apparatus of FIG. 4 further comprises: a data acquisition unit 114 
for acquiring and A/D converting the NMR signals detected by the receiver unit 113; 
a data processing unit 115 for data processing the A/D converted nmr signals to 
reconstruct the desired nmr image; a display unit 118 for displaying the nmr image 
reconstructed by the data processing unit 115; a system controller 116 for 
controlling the operations of the main magnet power source 102, the gradient coil 
power source 105, the eddy current compensation circuit 107, the transmitter unit 
110, the receiver unit 113, the data acquisition unit 114, and the data processing 
unit 115, so as to realize the desired imaging pulse sequence; and a console 117 
from which an operator enters various control commands to the system controller 116 
and the data processing unit 115. 

De tad led Description Text (6) : 

Here, the main magnet 101 is driven by the main magnet power source 102 while the 
primary gradient r-oi 1 s 103 and the shipid roils 104 are driven by the gradient coil 
power source 105 such that a uniform static magnetic field and the gradient magnetic 
fields having linear gradients in three mutually orthogonal directions are applied 
onto the body to be examined 106. The primary gradient ooils 103 and the shield 
ooils 104 may be connected in series and driven by the common gradient coil power 
source 105, or upper, lower, right, and left call elements may be separately 
connected with a pinr-alihy of gT•ad^f>n^ nn-il power sources 105 and separately driven 
by the respective g-rad-iRn^ roil power sources 105. The input signals to be given to 
the gradient coil power source 105 for compensating eddy current magnetic field time 
response are generated at the eddy current compensation circuit 107. 

Dp^,a^^pd Dpsrr-jphion Text (7) : 

In this apparatus of FIG. 4, the body to be examined 106 is placed inside the static 
magnetic field generated by the main magnet 101, and three orthogonal gradient 
magnetic fields generated by the primary gradient coils 103 are superposed onto the 
static magnetic field while the RF pulses are applied by the probe 111, according to 
the desired imaging pulse sequence. Then, the NMR signals emitted from the patient 
106 in response to the application of the RF pulses are received by the probe 111. 
Here, the common probe 111 may be used for the transmission of the RF pulses and the 
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L^^nals, or separate probes 111 n^j^h 



reception of the NME^^nals, or separate probes 111 tni^be provided for the 
transmission of the RF pulses and the reception of the NMR signals. 

r)f>ha-i1pd np>grr-ip^-inn TP>yt- (8) : 

The WMR signals received by the probe 111 is detected at the receiver unit 113, A/D 
converted at the data acquisition unit 114, and sent to the data processing unit 115 
which reconstructs the desired NMR images by using appropriate data processing 
operations such as the Fourier transformation. The reconstructed NMR images are then 
displayed at the display unit 118. 

Df^failf^d Df^srriptinn Tf^xt: (11) : 

The g-radip^ nt coil of FIG. 5A comprises a primary coil ii, a p:V>-i<aiH rnil 12, and a 
plural ity of connecting faces 13 for connecting the primary coil ll and the flhip,ld 
r*r%i 1 12, where the primary coil 11 has a current distribution mainly composed of the 
gr-aH-if>n^ field generating currents (i.e., current portions for currents generating a 
desired gradi<=>nt- magnetic field) and the ghif>ld rn-ll 12 has a current distribution 
for effectively cancelling out a magnetic field produced by the primary coil 11 and 
the connecting faces 13 at an exterior region. Each connecting face 13 includes 
current components 14 (to be referred hereafter as bridging lines) for connecting 
the primary coil 11 and the Pihig^ld roil 12 and current components 15 (to be referred 
hereafter as remaining current returns) for connecting ends of the horseshoe shaped 
current patterns on the primar y coil 11. 

np>ha-i1f>d DRPirr-ipt-inn Tf^vh (12) : 

The current distributions of these primary goil 11, shield nn±l 12, and connecting 
faces 13 are actually realized by conductors or copper wires in rectangular cross 
sections which are manufactured into the current distribution patterns by etching, 
etc. 

Detailed Description Text (13) : 

Here, the shiRld mil 12 in the gradient nni 1 of FIG. 5A is shaped in a pattern for 
shig>lding the magnetic field produced by the current distributions of the primary 
c^nil 11 and the connecting faces 13 by means of the designing algorithm to be 
described in detail below, in contrast to the conventional simple cutting gradient 
r!oil of FIG. 5B which is not shaped in a pattern for gh-i f^^ld-ing the leaking magnetic 
field from the primary coil and the connection wirings. 

Detailed Description Text (14) : 

In addition, the gradient_CQil of FIG. 5A is shaped in a pattern for securing the 
gradient magnetic field linearity when all the current distributions are present on 
the primary nn±l ii, the ghie^ld coil 12, and the connecting faces 13 by means of the 
designing algorithm to be described in detail below, in contrast to the conventional 
simple cutting gradient coil of FIG. 5B in which the gradient magnetic field 
linearity is degraded due to the simple cutting. 

Detailed Dp^Hrri p^^i on TRy^_ (15) : 

Now, the gradient coil of this first embodiment can be formed in a structure shown 
in FIG. 6, which shows a cross sectional view in an axial direction of a layer 
structure for both X and Y gradient milg in which the current distributions of the 
connecting faces 13 are formed by connecting the conductors manufactured into the 
current distribution patterns by etching, etc. to the primary m-i 1 conductor and the 
shield coil conductor by means of screws 134. 

Detailed Description Text (16) : 

More specifically, in FIG. 6, a primary qqt 1 conductor layer 135 and a shield on-i 1 
conductor layer 137 for the X nni i are connected by a bridging line 131, a primary 
coil conductor layer 136 and a pshield r?oi 1 conductor layer 138 for the Y rnil are 
connected by a bridging line 132. Here, a coil pair of the primary r?ni 1 and t-he 
gh-ield roil for the X nni 1 and a r-oil pair of the primary coil and 1-he shield r?ni 1 

for the Y coil are formed as nested coll pairs. That is, the primary coll 135 for 
the X coil is located at a position inside the primary coil 136 for the Y nn-i 1 in a 
radial direction, and the shield roil 137 for the X coil is located at a position 
outside the shield noil 138 for the Y coil in a radial direction. It is to be noted 
that the layer order for the X coil and the Y coil shown in FIG. 6 may be reversed 
if desired. 

Detailed Description Text (20) : 

First, at the step S21, the structures of the primary roil and the shield roil such 
as their radii are determined, and the high efficiency current distribution for the 
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primary noil which i 
ggt: up. 




inly composed of the gradient 



Id generating currents is 



Df^tailed Desnriph-i r>n TRvt (21) : 

Here, the magnetic field B produced by the current distribution j can be expressed 
in general by the following equation (1), according to Carlson, et ai * MagntaMr 
ppgnnanr<=> in Medicine, 26, p. 191, 1992, for example. ##EQU1## where: .mu..sub.O : a 

magnetic susceptibility of vacuum. 

Detailed Description Text (26) : 

The primary coil current distribution j.sup.p and the shig»ld noil current 
distribution j.sup.s can be expressed in general by the following equations (2) and 



Detailed Description Text (29) : 
R* : a radius of the fihield coil 

n<:>^a^1pr^ npRnri i nn Tf>yt (35) : 

Next, at the step S22, the current distribution for the ghield mil is determined to 
obtain a ahield pattern corresponding to the primary noil , for desired imaging field 
of view and shielding power. Here, the current distribution can be determined from 
the condition that the magnetic field becomes zero outside the shield coil . Here, 
the procedure for determining the current distribution for the sh-iRld nnil will be 
briefly outlined without going into too much details that can be found elsewhere. 

Detailed Description Text (38) : 

In this manner, as indicated in a part (a) of FIG. 9, the shif^iH pattern 42 

corresponding to the primar y coil portion 41 alone is obtained. This shield pattern 
42 is then subjected to the pattern cutting. 

nptai1P>d DfiRrr-iphinn Tf>yt (39) : 

Next, at the step S23, the connecting current distribution is determined by cutting 
the return portions in the shield pattern. Here, as indicated in a part (b) of FIG. 
9, a part or a whole of the current returns is cut out, and the current turns of the 
shipid nnil and the current turns of the primary coil are connected by the bridging 
lines 43. 

Df^tailed Degrript-^iQn Tey^, (40) : 

Here, in general, a number of current turns in the shield noil is smaller than a 
number the primary coil , in the primary nni 1 , so that there remains some current 
turns (referred hereafter as remaining turns) in the primary mil which are not 
connected with the current turns of the shield noil . As indicated in a part (c) of 
FIG. 9, these remaining turns are connected by the remaining current returns 45 on 
the primary <^nil cylinder surface or the connecting face for connecting the primary 
coil and the shield coil. 

Detailed Description Text (44) : 

Next, at the step S25, as indicated in a part (d) of FIG. 9, a composed sb-if^ld 
pattern 47 is obtained by superposing the sh-i Aid pattern 42 corresponding to the 
primary coll. determined at the step S21 and the shiP*id patterns 44 and 46 
corresponding to the connecting current distribution determined at the step S24. 

Detailed Description Text (46) : 

Next, at the step S27, the primary c!oil 41 and the corresponding shield pattern 42 
for cancelling the gradient magnetic field degraded component are determined for a 
desired imaging field of view. This can be done by the similar operation as in the 
above steps S21 and S22, except that it is necessary to add an opposite sign for the 
gradient magnetic field degraded component to the above described equations (8) and 
(9) . 

Df^tailp^d np>srriptinn TP*yt (47) : 

Then, after pattern cutting the obtained shield pattern 42, the operation returns to 
the above described step S23. Thereafter, the series of operation in the loop of the 
steps S23 to S27 is repeated until the optimized coil current patterns for the 
primajry coi 1 ^ the shi p^ld pattern, and the connecting current distribution are 
finally obtained at the step S28. 

Detail p>d np^grri ph i on Tf>yt- (48) : 

In this manner, it becomes possible to make the leaking magnetic field produced by 



(3) . 
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the current distribucKns of the primary r^ni 1 and the ^rohnec ting face to be nearly 
zero at an exterior region of the ghiRld noil, while generating the gradient 
magnetic field which has a good linearity in the desired imaging field of view. 



Df^t ailed Desr?riph i on T^yh (50) : 

First, at the step S31, the conventional current distribution for the primary coil 
is set up according to the same current distribution base function of FIG. 8B as the 
conventional ASGC in which the current sum is equal to 0. Then, at the step S32, the 
current distribution for the y^h-jp^iri mil is determined to obtain a shield pattern 
corresponding to the primary coil , for desired imaging field of view an d shielding 
power, as in indicated in a part (a) of FIG. 11. Then, at the step S33, after the 
pattern cutting of the primary rn-i 1 and t-he shield rn-il , the connection wirings are 
determined, and the designing is finished. Here, as indicated in parts (b) and (c) 
of FIG. 11, no consideration is given to the gradient magnetic field linearity (or 
the imaging field of view) and the_ah±£lding power, so that the degradation due to 
the presence of the bridging lines and the remaining current returns is left in the 
designed gradient coil. 

Det:aile d Desc^-ri p^^ on Tevt: (51) : 

Namely, the conventional simple cutting gradient coil achieves a higher field 
generation efficiency by sacrificing the imaging field of view and the sh-l el ding 
power, in contrast to the present invention in which the imaging field of view and 
the fih-ielri-i ng power comparable to the conventional ASGC are maintained while 
generating the gradient magnetic field at a high field generation efficiency. 

Detailed Description Text (52) : 

Thus, the gradient coil of this first embodiment is constructed from a primary noil 
current distribution which is mainly composed of the gradient field generating 
currents while maintaining the imaging field of view and the shielding power 
comparable to the conventional ASGC, so that a number of current returns is reduced, 
and therefore the inductance, the coil resistance, the local heat generation, and 
the driving power can be reduced compared with the conventional ASGC for generating 
the same gradient magnetic field strength while the axial length of the gradient 
f^o-i 1 can be made shorter. With the shorter axial length, a noise and a vibration at 
a time of the gradient magnetic field switching can be reduced, cUid a weight and a 
manufacturing cost of the gradient coil can also be reduced. 

Dfttailftd Description Text (57) : 

In the conventional cylindrical gradient coil for the head portion imaging, the 
axial length of the gradient coil has been limited by the shoulders of a patient 54, 
but in the gradient coil of this second embodiment, the sectional cuttings 52 can 
provide extra rooms for the shoni ders of a patient 54 so that the gradient coil with 
a longer axial length can be realized. 

De^,ailed Desr!yipt:ion Tevt: (58) : 

According to Carlson, et al. ; Magnehir Resonance in Medicine, 26, p. 191, 1992, 
already mentioned above for example, the gradient coil with a longer aucial length 
tends to have a higher field generation efficiency, so that it is possible for the 
gradient coil of this second embodiment to realize a higher field generation 
efficiency. 

Pet-ailed Description Text, (64) : 

The gradient ooil of FIG. 14 comprises a primary rn-i 1 91, a shield ro-i 1 92, and a 
connecting face 93 for connecting the primary ooil 91 and the shield roil 92, where 
the primary coil 91 has a current distribution mainly composed of the gradient field 
generating currents and the shield roil 92 has a current distribution for 
effectively cancelling out a magnetic field produced by the primary ooil 91 and the 
connecting face 93 at an exterior region. The connecting face 93 includes the 
bridging lines 94 for connecting the primary coil 91 and the shielH mil 92 and the 
remaining current returns 95 for connecting ends of the horseshoe shaped current 
patterns on the primary noil 91. 

Detailed Description Text (66) : 

The current distributions of these primary coil 91, shield roil 92, and connecting 
face 93 are actually realized by conductors or copper wires in rectangular cross 
sections which are manufactured into the current distribution patterns by the 
etching, etc. 

Detailed nesrription Tevt (67) : 
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Here, the fihipld ro-i^ ^Q in the gradient coil of FIG. is shaped in a pattern for 
fih-i <=>ld-ing the magnetic field produced by the current distributions of the primary 
rni 1 91 and the connecting face 93 by means of the designing algorithm similar to 
that used in the first embodiment described above, which will now be described. 



DfitailRd Description Text (69) : 

First, at the step S21, the structures of the primary roil and ^hf^ shif^lH mil such 
as their radii are determined, and the high efficiency current distribution for the 
primary roil which is mainly composed of the gradient field generating currents is 
fip>t up. 

n<=>t-ai1pd npfinript-inn Trv^ (70) : 

Here, the magnetic field B produced by the current distribution j csui be expressed 
in general by the sJDOve equation (1) . Also, the primary rini 1 current distribution 
j.sup.p and thp ghield coil current distribution j.sup.s can be expressed in general 
by the above equations (2) and (3) . 

nf>t-ailf>d Pg^Rnription Text (73) : 

Next, at the step S22, the current distribution for the shield coil is determined to 
obtain a shield pattern corresponding to the primary coil , for desired imaging field 
of view and shielding power. Here, the procedure for determining the current 
distribution for the ghif>ld ooil is substantially the same as that described above 
for the first embodiment in conjunction with the above equations (6) to (11) . In 
this manner, as indicated in a part (a) of FIG. 15, the shield pattern 122 
corresponding to the primary anxL portion 121 alone is obtained. This shield pattern 
122 is then subjected to the pattern cutting. Next, at the step S23, the connecting 
current distribution is determined by cutting the return portions in the shield 
pattern. Here, as indicated in a part (b) of FIG. 11, a part or a whole of the 
current returns is cut out, and the current turns of the shield roil and the current 
turns of the primary roil are connected by the bridging lines 124 . 

ne^_a■ned Desoript:ion Text (74) : 

Also, in general, a number of current turns in the shield coil is smaller than a 
number of current turns in the primary roil, so that there remains the remaining 
turns in the primar y roil - As indicated in a part (c) of FIG. 11, these remaining 
turns are connected by the remaining current returns 126 on the primary roil 
cylinder surface or the connecting face for connecting the primary ro-i 1 and ^he 

gh-iP>1H ro-i 1 

Detailed Desoript^ion Text (76) : 

Next, at the step S25, as indicated in a part (d) of FIG. 15, a composed Rhipld 
pattern 118 is obtained by superposing the shi eld pattern 122 corresponding to the 
primary roi 1 determined at the step S21 and the shield patterns 125 and 127 
corresponding to the connecting current distribution determined at the step S24. 

Deha-iled nesr-ri pi- i on Texh (78) : 

Next, at the step S27, the primary roil 121 and the corresponding shield pattern 122 
for cancelling the gradient magnetic field degraded component are determined for a 
desired imaging field of view, just as in the first embodiment. 

Dehailed Desrriphion Text: (79) : 

Then, after pattern cutting the obtained shield pattern 122, the operation returns 
to the above described step S23. Thereafter, the series of operation in the loop of 
the steps S23 to S27 is repeated until the optimized coil current patterns for the 
primary mi i ^ thf^ sh-i el d pattern, and the connecting current distribution are 
finally obtained at the step S28. 

Detailed Desor-j pti on Text: (80) : 

In this manner, it becomes possible to make the leaking magnetic field produced by 
the current distributions of the primary roil and the connecting face to be nearly 
zero at an exterior region of the sh-i el roil, while generating the gradient 

magnetic field which has a good linearity in the desired imaging field of view. 
Here, due to the magnetic field cancellation effect by the shield roil, a number of 
turns in the primary roil is greater than that in a non-shiel ding type gradient 
coil, but the increase of the inductance is suppressed by the cutting of the current 
returns . 



Deta-iled Desrriphion Texf (81) : 

In addition, as the directions of the currents are opposite in the primary roi i anH 
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VhP> fib-i plfi nni 1 , the^Orentz forces exerted on the current turns cancel each other, 
so that it is possible to reduce the torque exerted on the gradient rni 1 as a whole. 



Df^tailf^d Df>sc!riptiQn Tf^xh (82) : 

Here, the Lorentz forces exerted on the bridging lines appear as shown in FIG. 16, 
which shows a view of the gradient coil in a direction of the static magnetic field, 
where a circle 57 represents the primary coi 1 and a circle 58 represents the shield 
rxdJL. In this case, the Lorentz force 55 exerted on each bridging line 56 is 
perpendicular to a direction of currents in the bridging line 56, and as a whole, a 
force in a negative x-direction is exerted. On the other hand, the Lorentz forces 
exerted on the remaining current returns appear as shown in FIG. 17, which also 
shows a view of the gradient coil in a direction of the static magnetic field, where 
a circle 63 represents the primary nnil and a circle 64 represents the ah-lRlH roil . 
In this case, the Lorentz force 61 exerted on each remaining current return 62 is 
perpendicular to a direction of currents in each remaining current return 62, and as 
a whole, a force in a positive x-direction is exerted. Thus, the Lorentz forces 
exerted on the bridging lines and the remaining current returns cancel each other, 
and therefore the generated torque is small. 

Df^hajlRfi Df^grrr-jpt-ion Tfixt: (86) : 

In this fourth embodiment, the gradient cn±l comprises the primary coil 71 with a 
current turn configuration as shown in FIG. 18A and the shi rT d cini 1 72 with a 
current turn configuration as shown in FIG. 18B, where FIGS. 18A and 18B show a 1/2 
region of the respective current turn configurations developed into a plane. 

np>haiTg»H ng*figriptiQn Tf*yh (88) : 

Here, the z -direction current path 74 generates no z -direction magnetic field 
component, so that it does not affect the gradient magnetic field linearity at all, 
and no Lorentz force is exerted thereon. In other words, each of the primary coil 
and thfi shiRld coil of this fourth embodiment is constructed from the fingerprint 
shaped current distribution which generates the gradient magnetic field, and the 
z-direction current paths which do not generate the gradient magnetic field. 

Dfttailftd Description Text (90) : 

In this fifth embodiment, the gradient nn±l comprises the primary coil with a 
current turn configuration as shown In FIG. 19A and the ghig>ld rr>il with a current 
turn configuration as shown in FIG. 19B, where FIGS. 19A and 19B show a 1/2 region 
of the respective current turn configurations developed into a plane. 

Detailed Description Text (91) : 

In this fifth embodiment; an end point of each turn on one side end of each coil is 
turned back to the other side end of each coil, by means of the z-direction current 
path 83, just as in the fourth embodiment described above. Then, a part of the 
current turns of the primary coil similar to that of the fourth embodiment described 
above are connected with the current turns of the shiRld roil similar to that of the 
fourth embodiment described above by the bridging lines 81, while the rest of the 
current turns of the primary nn±l are connected by the remaining current returns 82, 
and the composed shield pattern is formed to cancel out the leaking magnetic field 
due to the primary coilf the bridging lines 81 and the remaining current returns 82. 



Detailed Description Text (92) : 

In this case, because of the use of the bridging lines 81, a number of remaining 
current returns 82 in the primary roil and t-hp shig^ld rnil can be reduced, so that 
the inductance of the gradient mil can be reduced compared with the fourth 
embodiment described above. 

Dg>tailp>d p^ T nn Tf^^y^_ (94) : 

More specifically, in FIG. 20, a bridging line 142 connects a primary rrnil 
fingerprint shaped current distribution layer 143 and a shield coil fingerprint 
shaped current distribution layer 144 for the X coil, while a bridging line 145 
connects a primary coil z-direction current path layer 146 and a shif^lH ro-i 1 
z-direction current path layer 147 for the X coil - Similarly, a bridging line 148 
connects a primary coil fingerprint shaped current distribution layer 149 and a 
shield coil fingerprint shaped current distribution layer 150 for the Y coil, while 
a bridging line 151 connects a primary coil z-direction current path layer 152 and a 
shield cnil z -direction current path layer 153 for the Y coil . The fingerprint 
shaped current distribution layer and the z-direction current path layer for each of 
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the primary nail an <^^W^ ahif^lrf rnil are connected to^Rer in a region 154, current 
turn by current turn. 



npha-ilpd Desrriphi nn TRXt (96) : 

In FIG. 20, a nni 1 assembly of the fingerprint shaped current distribution layers 
for the primary nnil an H Mip ahiRlf^ nnM and the bridging line connecting them is 
formed to enclose a mil assembly of the z -direction current path layers for the 
primary mil and the g h-iRld coil and the bridging line connecting them, but it is 
also possible to reverse this layer order such that the latter encloses the former. 

Dg>tailf=*d Dg^HC!riptn on T^xt (98) : 

In this sixth embodiment, the gradient c^oil comprises the primary noil with a 
current turn configuration as shown in FIG. 21A and the shield rnil with a current 
turn configuration as shown in FIG. 21B, where FIGS. 21A and 21B show a 1/2 region 
of the respective current turn configurations developed into a plane. 

Df^tailed Description Tevt (99) : 

In this sixth embodiment, the composed sh-i eld pattern is formed to cancel out the 
leaking magnetic field due not only to the primary oo-i l , the bridging lines, and the 
remaining current returns, but also to the z-direction current paths in the primary 
coil as well. 

Detailed Dftscription Text (101) : 

Thus, the z-direction current paths can be handled just like the bridging lines and 
the remaining current returns, by obtaining the sh-ield pattern corresponding to the 
z-direction current paths in the primary coil at the step S24 of FIG. 7, and 
obtaining the gradient magnetic field degraded component due to the cutting of the 
composed shield pattern at the step S26 of FIG. 7, so as to cancel out the gradient 
magnetic field degradation in the same manner as described above for the first 
embodiment . 

Detailed Description Text (102) : 

In this manner, it is possible to realize the gradient call, with a higher shi Riding 
power compared with the fifth embodiment described above. 

Detailed Deacription Text (103) : 

Now, the gradient coil of this sixth embodiment can be formed in a structure shown 
in FIG. 22, which shows a cross sectional view in an axial direction of a layer 
structure for both X and Y gradient coils. Here, each of the X coil and the Y coil 

is formed by three layers of conductors, with an insulative layer inserted between 
each adjacent conductors. In each of the X coil and the Y roil, the primary coil has 
the fingerprint shaped current distribution layer and the z-direction current path- 
layer, while the shield coil has a single shield coil conductor layer. 

Detailed Descri pt i on Text (104) : 

More specifically, in FIG. 22, a primary coll fingerprint shaped current 
distribution layer 156 and a primary cell z-direction current path layer 159 for the 
X coll are connected with a shield coil conductor layer 157 for the X call by bridge 
lines 155 and 158, while a primary roil fingerprint shaped current distribution 
layer 161 and a primary coi 1 z-direction current path layer 164 for the Y coil are 
connected with a shield coil conductor layer 162 for the Y coil by bridge lines 160 
and 163. 

Detailed Description Text (107) : 

Thus, the gradient coil of this sixth embodiment has a higher shielding power 
compared with the fifth embodiment described above, an ecjuivalent field generation 
efficiency as the third embodiment described above, and a smaller local heat 
generation compared with the third embodiment described above. 
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CLAIMS : 



1. A gradient coil for nuclear magneti c rf^snnancR imaging, comprising: 

a primary coil having a fingerprint shaped current distribution formed on an inner 
cylinder in which at least a part of current return lines is cut out to form a cut 
out part with broken current return lines; 

a fib-if^ld mil having a current distribution formed on an outer cylinder; and 

a bridging connection member for connecting the cut out part of the current return 
lines of the primary nnj-j w-ihh hhe gh-ield r-n-n ; 

wherein the current distribution of the ghi^ld nn±l is a composition of a first 
ghield pattern for cancelling out a magnetic field produced by the primary colX 
outside the outer cylinder and a second gh-teld pattern for cancelling out a magnetic 
field produced by the bridging connection member outside the outer cylinder. 

2. The gradient cmi i of claim 1, further comprising a return connection member for 
connecting remaining current turns of the primary coil, the remaining current turns 
being current turns in the cut out part of the current return lines of the primary 
rnil which are not connected with the .qh-if^lH nnil by the bridging connection member, 
and wherein the current distribution of ^hf^ ghif*ld rn-i 1 is a composition of the 
first shield pattern, the second shield pattern, and a third shield pattern for 
cancelling out a magnetic field produced by the return connection member outside the 
outer cylinder. 

4. The gradient noil of claim 1, wherein the fingerprint shaped current distribution 
of the primary noil , the current distribution of the shield coil, and a current 
distribution of the bridging connection member are set in a current distribution 
pattern for realizing a desired gradient magnetic field linearity in a desired 
imaging field of view within the inner cylinder. 

6. The gradient noi 1 of claim 1, wherein a first channel f^oil assembly formed by a 
first channel part of the primary f^Qil^ a first channel part of th e shield roil, suid 
a first channel part of the bridging connection member is enclosed within a second 
channel cin±l assembly formed by a second channel part of the primary coil, a second 
channel part of the shield cQil, and a second channel part of the bridging 
connection member. 



10. The gradient roi 1 of claim 7, wherein the bridging connection member connects 
the cut out part of the current return lines and the turn back current paths of the 
primary mil with t:he shield mil . 

12. The gradient roil of claim 7, wherein the shield mil has a current distribution 
in which at least a part of shield mil current return lines is cut out to form a 
cut out part with broken shield mil current return lines an d shield mil turn back 
current paths for leading the cut out part of the shield mil current return lines 
on one end of the gradient coil to said another end of the gradient coil. 

13. The gradient coil of claim 12, wherein the shield roil turn back current paths 
are substantially parallel to an axial direction of the gradient roil . 

14. The gradient roil of claim 12, further comprising a shield roil return 
connection member for connecting the cut out part of the shield coil current return 
lines together at said another end of the gradient coiJL. 
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rni^ ^f claim 12, wherein the bridgi^^^i 



"15. The gradient coHWf claim 12, wherein the bridgin^connection member connects 
the cut out part of the current return lines and the turn back current paths of the 
primary mil wit-.h hhf> ghip^ld mil current return lines and the gh-ip*irf r?nil turn back 
current paths. 

16. The gradient r^r^i 1 of claim 12, wherein the current distribution and the turn 
back current paths of the ghif^irf rn-ll are formed on separate layers. 

17. A gradient coil for nuclear magng^t-ir -rg^gf^nance imaging, con^rising: 

a primary coil having a fingerprint shaped current distribution formed on an inner 
cylinder in which at least a part of current return lines is cut out to form a cut 
out part with broken current return lines, and turn back current paths for leading 
the cut out part of the current return lines on one end of the gradient coil to 
another end of the gradient coil; and 

a fih-if=>ld coil having a current distribution formed on an outer cylinder for 
cancelling out a magnetic field produced by the primary coil outside the outer 
cylinder. 

20. The gradient coil of claim 17, further comprising a bridging connection member 
for connecting the cut out part of the current return lines and the turn back 
current paths of the primary coil with the shield coil. 

22. The gradient coil of claim 17, wherein the ghif^ld rn-i 1 has a current 
distribution in which at least a part of shif^ld roil current return lines is cut out 
to form a cut out part with broken gbiP>iri rn-il current return lines and shield coil 
turn back current paths for leading the cut out part of the Rhiftid cni 1 current 
return lines on one end of the gradient coil to said another end of the gradient 
coil . 



23. The gradient nnil of claim 22, wherein the shield coil turn back current paths 
are substantially parallel to an axial direction of the gradient-xioil. 

24. The gradient cnil of claim 22, further comprising a shif^ld roil return 
connection member for connecting the cut out part of the gbip^ld coil current return 
lines together at said another end of the gradient nn±l . 

25. The gradient coil of claim 22, further comprising a bridging connection member 

for connecting the cut out part of the current return lines and the turn back 
current paths of the primary coil with the Hhif^ld roil current return lines and the 
fih-ield ro-i 1 tum back current paths." * . 

26. The gradient noil of claim 22, wherein the current distribution and the tum 
back current paths of the sh-ield mil are formed on separate layers. 

27. The gradient noil of claim 17, wherein a first channel r^oil assembly formed by a 
first channel part of the primary roil and a first chaimel part of the shield coil 
is enclosed within a second channel coil assembly fommed by a second chcuinel part of 
the primary coil and a second channel part of the shield nni 1 

28. A nuclear magnet- -i c reRonanre imaging apparatus, comprising: 
a gradient coil including 

a primary coil having a fingerprint shaped current distribution . formed on an inner 
cylinder in which at least a part of current return lines is cut out to form a cut 
out part with broken current return lines; 

a shield roil having a current distribution formed on an outer cylinder; and 

a bridging connection member for connecting the cut out part of the current return 
lines of the primary coil with the shield coil; 

wherein the current distribution of the shield roil is a composition of a first 
shield pattern for cancelling out a magnetic field produced by the primary roi 1 
outside the outer cylinder and a second shield pattern for cancelling out a magnetic 
field produced by the bridging connection member outside the outer cylinder; and 
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'imaging means for ima^ng a body to be examined placecBKi a homogeneous static 
magnetic field by applying a radio frequency magnetic field onto the body to be 
examined and operating the gradient coil to apply gradient magnetic fields onto the 
body to be examined according to a pulse sequence, detecting nuclear magnetic 
■riagnnanrf^ signals emitted from the body to be examined in response to the radio 
frequency magnetic field and the gradient magnetic fields, and processing the 
nuclear magng>hir r-f^annanre signals tO construct nuclear tnagrtp^hir r-gjfinnanfie images - 

29. The apparatus of claim 28, further comprising a return connection member for 
connecting remaining current turns of the primary coil , the remaining current turns 
being current turns in the cut out part of the current return lines of the primary 
rni 1 which are not connected with the gbHf^lH nni^ by the bridging connection member, 
and wherein the current distribution of t-hp> glrit^lri rn-i 1 is a composition of the 
first fiV>-if>ifi pattern, the second ahield pattern, and a third shield pattern for 
cancelling out a magnetic field produced by the return connection member outside the 
outer cylinder. 

31. The apparatus of claim 28, wherein the fingerprint shaped current distribution 
of the primary mil, the current distribution of the fihif>ld mil, and a current 
distribution of the bridging connection member are get: in a current distribution 
pattern for realizing a desired gradient: magnetic field linearity in a desired 
imaging field of view within the inner cylinder. 

33. The apparatus of claim 28, wherein a first channel coil assembly formed by a 
first channel part of the primary m-i 1 , a first channel part of the shield coil, and 
a first channel part of the bridging connection member is enclosed within a second 
chcinnel mi 1 assembly formed by a second channel part of the primary coil^ a second 
channel part of the shjp^ld coil, and a second channel part of the bridging 
connection member. 

37. The apparatus of claim 34, wherein the bridging connection member connects the 
cut out part of the current return lines and the turn back current paths of the 
primary m-il with th^ shiP^ld rn-il- 

39. The apparatus of claim 34, wherein the shield r.oil has a current distribution in 
which at least a part of fih-ip>iri nnii current return lines is cut out to form a cut 
out part with broken gbif^lH current return lines anH ghiP*iH nnil turn back 
current paths for leading the cut out part of the fihii=>lH no-i 1 current return lines 
on one end of the gradient mil to said another end of the gradient coil . 

40. The apparatus of claim 39, wherein the shield cni 1 turn back current paths are 
substantially parallel to an axial direction of the gradient coil: 

41. The apparatus of claim 39, further comprising a shield coil return connection 
member for connecting the cut out part of the «b-i<=>l<i nni^ current return lines 
together at said another end of the gradient coil. 

42. The apparatus of claim 39, wherein the bridging connection member connects the 
cut out part of the current return lines and the turn back current paths of the 
primary mil wit-h hhe fih-if^ld mil current return lines and ^-he shield mil turn back 
current paths. 

43. The apparatus of claim 39, wherein the current distribution and the turn back 
current paths of the Rhi^ld mil are formed on separate layers. 

44. A nuclear magnptir - -rP>gr>nanr!R imaging apparatus, comprising: 
a gradient coil including 

a primary coil having a fingerprint shaped current distribution formed on an inner 
cylinder in which at least a part of current return lines is cut out to form a cut 

out part with broken current return lines, and turn back current paths for leading 
the cut out part of the current return lines on one end of the gradient coil to 
another end of the gradient coil; and 

a fihig>1d mil having a current distribution formed on an outer cylinder for 
cancelling out a magnetic field produced by the primary coi 1 outside the outer 
cylinder; and 
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imaging means for ima^ng a body to be examined placec^^i a homogeneous static 
magnetic field by applying a radio frequency magnetic field onto the body to be 
examined and operating the gradient coil to apply gradient magnetic fields onto the 
body to be examined according to a pulse sequence, detecting nuclear magnet ic 
T^iagonanrf* signals emitted from the body to be examined in response to the radio 
frequency magnetic field and the gradient magnetic fields, and processing the 
nuclear magnf>h-i r? r-f^gnnanri^ signals to construct nuclear magng^h-in T-iagnnanrp> images. 

47. The apparatus of claim 44, further comprising a bridging connection member for 
connecting the cut out part of the current return lines and the turn back current 
paths of the primary coil with the shield coil- 

49. The apparatus of claim 44, wherein the ghif^ld mil has a current distribution in 
which at least a part of ghif^ld mil current return lines is cut out to form a cut 
out part with broken gb-ipld rn-il current return lines and shield coil turn back 
current paths for leading the cut out part of the fib-ip>ld rn-i 1 current return lines 
on one end of the gradient coil to said another end of the gradient coil > 

50. The apparatus of claim 49, wherein the shield coil turn back current paths are 
substantially parallel to an cucial direction of the gradient coxL. 

51. The apparatus of claim 49, further comprising a fihiftid coil return connection 
member for connecting the cut out part of the g>Tip>iH foil current return lines 
together at said amother end of the gradient rioll. 

52. The apparatus of claim 49, further comprising a bridging connection member for 
connecting the cut out part of the current return lines and the turn back current 
paths of the primary mil with thf> shield roil current return lines and the ghip^ld 
mil turn back current paths. 

53. The apparatus of claim 49, wherein the current distribution and the turn back 
current paths of the shield mil are formed on separate layers. 

54. The apparatus of claim 44, wherein a first channel r.n±l assembly formed by a 
first channel part of the primary mil and a first channel part of the pthif^ld mil 
is enclosed within a second channel coil assembly formed by a second channel part of 
the primary colL and a second channel part of the shield coil. 
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